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ABSTRACT 


A method  is  presented  for  evaluating  four  possible  types  of  aircraft 
accessory  power  transmission  systems  as  listed  below. 

1.  Pneumatic 

2.  Hydraulic 

3.  Electric 

lu  13eohani  cal 

This  evaluation  method  is  intended  for  use  in  deciding  which  type  of 
accessory  transmission  system  should  be  used  in  a given  type  aircraft. 

These  systems  were  analyzed  on  a minimum  weight  basis.  Weights  as 
well  as  the  increase  in  fuel  weight  to  compensate  for  power  extracted  from 
the  engines  were  considered  on  the  basis  of  mission  profile  and  power 
characteristics  of  the  accessory  systems.  The  minimum  weight  was  mainly 
detennined  by  the  transmission  line  sizes  in  the  respective  systems,  while 
other  components  were  essentially  constants  in  the  analysis. 

This  report  is  divided  into  two  parts.  This  part  (Part  l)  is  devoted 
to  listing,  for  each  system,  the  basic  assumptions  and  required  data,  and 
to  presenting  a step  liy  step  procedure  for  calculating  the  minimjm  total 
weight  of  each  basic  system.  Part  2 contains  derivations  of  the  equations 
which  wore  utilized  in  Part  1 without  derivation  or  detailed  explanation. 

The  security  classification  of  the  title  of  this  report  is  '"UNCLASSI- 
FIED”. While  each  individual  section  of  this  report  is  not  considered 
classified,  the  compendium  of  information  contained  in  this  report  is 
considered  to  bo  of  sufficient  importance  to  require  the  protection 
afforded  by  a PESTRICTED  classification. 


PUBLICATION  mnm 


This  report  has  been  reviewed  and  is  approved. 


FOR  THE  COMMANDER: 

N&a!AN  C.  APPOLD,  Colonel,  USAF 
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Directorate  of  Laboratories 
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SECTION  I 
INTRODUCTION 


This  study  was  undertaken  to  develop  a method  of  evaluating  accessoiy 
power  transmission  systems  on  aircraft*  ^t  is  based  on  the  design  and  mis- 
sion requirements  of  the  airplane  under  study* 

For  a better  understanding  of  this  evaluation  a short  explanation  of 
the  reason  for  making  this  study,  a general  description  of  the  basic  acces- 
sory transmission  systems,  an  explanation  of  the  analysis  method,  and  a brief 
summary  of  the  initial  assumptions  and  required  data  are  included  here* 

A*  She  Problem  of  Accessory  Power  in  Modem  Aircraft 

Modem  military  aircraft  such  as  fighters,  bombers  or  cargo  planes  re- 
quire, in  addition  to  the  power  plant  needed  for  their  propulsion,  a variety 
of  accessories  or  auxiliaries  for  safe  operation  and  improved  perfoimance* 

These  accessories  can  be'  grouped  into  two  ca-tegories* . The  first  group  con- 
sists of  engine  accessories  needed  for  proper  opera-tion  of  the  engine  such 
as  "bhe  oil  pump,  fuel  pump,  en^r^  controls  and  ignition  parts*  The  second 
group  consists  of  accessoiles  required  for  the  operation  of  the  airplane  such 
as  the  generator,  al'temator,  hydraulic  pump,  and  air  compressor.  In  the 
following  discussion,  the  first  group  will  be  referred  to  as  "engine  conv- 
ponents",  while  the  term  "accessory"  will  be  used  for  all  auxiliary  equipment 
not  required  for  the  operation  of  the  power  plant* 

Recent  trends  in  aircraft  configurations,  aircraft  engine  development, 
and  accessory  power  requirements  have  progressi-vely  caused  serious  difficul- 
ties in  regard  to  mounting  and  driving  the  accessories.  Aircraft  are  becoming 
fas'ter,  thereby  increasing  -the  importance  of  drag  reduction*  Aircraft  engines 
are  becoming  more  compact,  offering  less  frontal  area  for  mounting  accessories* 
The  power  required  'to  drive  the  accessories  is  increasing  due  %o  additional 
electronic  equipment  and  o'ther  accessories  needed  on  larger  and  faster  airplanes* 

in  the  past,  the  accessories  have  been  mounted  on  the  engine*  Ihe  trend 
in  engine  development  indicates  -that  the  ^ace  available  for  mounting  acces- 
sories on  the  engine  is  steadily  decreasing*  The  trend  in  accessory  power 
requirement  indica'tes  that  the  space  required  for  mounting  the  accessories 
on  -the  engine  is  s-teadily  increasing.  The  difficulties  arising  from  -this 
space  problem  are  manifest  in  current  aircraft* 

The  difficulties  arising  from  the  space  problem  on  the  engine  can  be 
circumvented  by  mounting  -the  accessories  inside  the  airplane,  remotely  located 
from  the  engine  and  dri'ving  them  by  means  of  remote  power  transmission* 

Several  methods  or  systems  exist  for  dri'ving  remo-tely  located  accessories. 

In  designing  a new  aircraft  it  is  necessary  to  determine  at  an  early  stage 
which  of  these  me'fchods  should  be  used.  This  decision  has  to  be  based,  in 
part,  on  'the  optimum  performance  'to  be  expected,  considering  'the  design  and 
mission  reqviirements  of  -the  particular  aircraft* 
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B«.  Remotely  PriTOn  Accessory  Power  Systems 

A remotely  driven  accessory  power  system  shall  be  defined  as  a system 
that  consists  of  a transmission  system  and  a distribution  system,  as  shown 
diagrammatically’ in  Fig.  I-l.  The  transmission  system  consists  of  a power 
extraction  unit,  a transmission  line,  a power  conversion  unit  and  an  accessory 
gear  box.  The  dist^bution  system  consists  of  accessory  power  units,  dis- 
tribution lines  and  the  accessories. 

Since  the  accessory  power  system  must  supply  the  particular  requirements 
of  the  specific  airplane  for  which  it  is  designed,  the  basic  system  may  have 
many  variations. 

During  the  design  of  an  accessory  power  system,  three  problems  must  be 
analyzed.  First,  the  airplane  must  be  analyzed  to  determine  the  accessory 
functions  that  must  be  performed.  For  example,  the  bomb  bay  doors  must  be 
opened  and  closed,  the  landing  gear  must  be  raised  and  lowered,  and  the  radar 
equipment  must  be  operated.  The  number  and  type  of  accessory  functions  and 
the  power  required  for  each  function  varies  with  each  airplane  type. 

Second,  each  function  must  be  analyzed  to  determine  the  type  of  actuating 
device  to  be  used  to  perform  the  function.  The  selection  of  hydraulic, 
pneumatic,  or  electric  actuating  devices  is  influenced  by  the  accessory 
function,  the  availability,  reliability,  and  development  stage  of  a particular 
device.  The  actuating  devices  utilizing  the  same  kind  of  energy  are  generally 
supplied  from  a common  dtstiibution  system  and  a single  accessory  power  unit. 
This  is  shown  schematically  in  Fig.  I-l  where  pneumatic,  hydraulic  and 
electric  power  units  supply  pneumatic,  hydraulic  and  electric  actuating 
devices,  respectively. 

Third,  the  system  must  be  analyzed  to  determine  the  method  of  extracting 
the  power  from  the  power  plant  and  transmitting  it  to  the  accessory  gear  box. 
The  power  plant  may  be  the  main  engine  or  an  auxiliary  engine.  The  power 
can  be  extracted  mechanicallj^  from  a power  take-off  drive,  or  pneumatically 
by  bleeding  air  from  the  main  engine  compressor.  If  the  power  is  extracted 
mechanically,  it  can  be  transmitted  in  one  of  three  ways,  mechanically, 
hydraulically,  or  electrically,  as  shown  in  Figs,  1-2,  1-3,  and  I-I4,.  If  the 
power  is  extracted  pneumatically,  it  is  transmitted  through  an  air  duct  in 
the  form  of  relatively  high  pressure,  high  temperature  air  to  the  accessory 
gear  box,  as  shown  in  Fig.  1-5.  Here  again  the  transmission  system  selected 
depends  largely  on  the  particular  airplane  \inder  consideration. 

The  distribution  lines  and  the  power  transmission  lines  are  not  always 
clearly  defined  as  indicated  in  Fig,  I-l.  The  power  extracted  from  the  engine 
may  in  part  be  directly  distributed  to  some  of  the  accessories  without  being 
converted  into  some  other  form  of  energy.  This  is  done  in  the  case  of  bleedU 
air  system  (Fig.  1-5)  where  some  of  the  air  is  used  for  hot-air  anti-icing, 
and  cabin  air  conditioning.  Thus,  some  overlap  may  exist  between  the  power 
transmission  and  the  distribution  or  actuating  systems. 

In  larger  aircraft  the  accessory  power  may  be  extracted  from  more  than 
one  engine,  and  the  transmission  line  may  distribute  the  extracted  power  to 
several  power  conversion  units.  This  indicates  the  wide  variety  of  possible 
configurations  encountered  in  aircraft  accessory  power  transmission  systems. 
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C.  Method  of  Evaluating  Power  Transmission  Systems 

This  analysis  is  concerned  vdth  the  basic  power  transmission  systems 
which  consist  of  one  extraction  unit,  one  conversion  unit,  a geair  box,  and 
the  transmission  line,  as  shown  in  the  upper  portion  of  Fig.  I-l» 

Four  basic  types  of  transmission  systems  are  considered: 

1»  Pne\unatic 

2,  Hydraulic 

3 « Electrical 

U.  Mechanical 

The  relative  preference  of  the  four  basic  types  of  systems  is  evaluated 
by  determining  their  estimated  miniimim  weight*  The  evciluation  of  the  weight 
is  based  on  experienced  values  of  component  weij^ts,  the  weight  of  the  mini- 
mum transmission  lines,  and  the  additional  weight  of  the  fuel  required  for 
operating  the  transmission  system,  which  is  based  on  the  flight  profile  of 
the  aircraft  under  consideration. 

It  is  realized  that  this  method  of  evaluation  gives  only  a partial  com- 
parison, since  other  important  parameters,  such  as  reliability,  vulnerability, 
maintenance  problems,  and  life  expectancy  are  not  included.  The  reason  for 
this  omission  is  that  the.se  parameters  do  not  lend  themselves  to  a mathema- 
tical analysis.  However,  by  first  determining  the  weights  of  the  four  basic 
types,  and  later  modifying  the  obtained  weight  rating  on  the  basis  of  expeidence 
factors,  taking  into  account  the  reliability,  vulnerability,  etc.,  a more 
complete  evaluation  can  be  made.  With  sufficient  experience  data  available 
a relative  number  sj-stem  can  be  worked  out  for  subsequent  regrouping  of  the 
preference  given  on  the  wei^t  basis. 

D.  Initial  Data  and  Assumptions 

The  initial  data  and  asstunptions  required  to  evaluate  an  accessory  power 
transmission  system  for  a given  aircraft  are  briefly  summarized  here. 

It  is  assumed  that  this  analysis  will  be  applied  at  the  stage  of  airplane 
design  idien  the  following  data  are  available:  the  flight  profile  or  mission, 

the  engine  performance  characteristics,  and  the  approximate  location  and 
magnitude  of  the  required  accessory  power. 

The  fli^t  profile  indicates  the  average  cniise  speed  and  altitude,  the 
maximum  altitude,  and  the  range  of  the  airplane.  These  factors  are  important 
in  evaluating  engine  operating  conditions  and  the  fuel  consumption  chargeable 
to  the  accessories.  In  addition,  the  maximum  speed  and  altitude  and  the 
minimum  speed  are  required  to  determine  the  transmission  system  components* 
weight  and  efficiency. 

The  engine  performance  characteristics  are  necessary  in  determining  the 
effect  of  power  extraction  on  fuel  consumption.  If  an  extraction  unit,  such 
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as  an  alternator  or  hydraulic  pnxmp,  is  driven  from  the  engine  shaft,  the 
fuel  consumption  of  the  engine  will  be  increased.'  If  power  is  extracted 
from  the  engine  in  the, form  of  bleed  air,  it  is  necessary  to  know  the 
pressure,  temperature,  and  amount  of  air  available  for  bleed  at  various 
engine  and  airplane  operating  conditions.  Bleeding  air  from  the  engine  will 
also  increase  the  engine  fuel  consumption.  This  information  is  obtainable 
from  the  engine  manufacturer’s  model' specifications. 

The  amount  of  power  required  and  the  approximate  location  in  the  aiiv 
plane  where  this  power  is  needed  determines  the  size  and  length  of  the 
transmission  lines  and  the  size  of  the  extraction  and  conversion  units. 

At  this  stage  of  development  the  dimensional  outline  of  the  airplane 
and  the  location  of  the  main  engines  should  be  well  established.  The  power 
requirement  and  the  load  schedule  for  each  accessory  must  be  estimated. 

This  in  turn  is  used  to  determine  the  grouping  of  the  accessories  and 
location  of  the  distribution  points  (power  conversion  units). 

The  dimensional  outline  of  the  airplane,  showing  the  location  and  the 
amount  of  power  required  of  the  power  conversion  units,  constitutes  a frame- 
work into  which  each  type  of  transmission  system  has  to  be  fitted. 

It  may  happen  that  the  power  required  and  location  of  the  conversion 
iinits  change  duidng  the  period  of  development  of  the  airplane.  If  these 
changes  are  not  radical,  maintaining  the  original  pattern  and  essentially 
the  same  power  and  layout  dimensions  the  result  of  the  transmission  system 
evaluation  will  not  be  affected  appreciably.  If  drastic  changes  are  made, 
the  transmission  system  should  be  re-evaluated. 

E.  Presentation  of  Method  for  Evaluating  Transmission  Systems 

Part  1 of  this  report  is  devoted  to  listing  the  basic  assumptions  for 
each  sys.tem,  the  required  data,  and  predenting  a step  by  step  procedure  for 
calculating  the  minimum  total  weight  of  each  basic  system.  The  list  of  data 
indicates  the  information  to  be  obtained  and  the  most  probable  source.  The 
procedure  indicates  the  quantity  to  "be  computed  and  the  equation  or  curve  to 
be  used  in  calculating  it.  Where  necessary  explanatory  notes  are  included. 
The  equations  and  curves  used  in  Part  1 are  derived  and  discussed  in  Part  2, 
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ANALYSIS  OF  THE  WEIGHT  OF  PMEUMATIC 
POWER  TRANSMISSION  SYSIEMS 


Section  II 


A*  Introduction 

IMs  section  shows  the  procedures  for  detennlning  the  approximate  weignts 
of  the  two  types  of  pneumatic  transmission  systems  which  are  presently  being  used 
or  contemplated  for  use  in  modem  airplanes.  These  systems  are: 

1.  Straight  bleed  system 

2.  Bleed  and  burn  system 

The  straight  bleed  system  consists  essentially  of  a bleed  port  in  the 
Jet  engine  which  provides  for  extraction  of  relatively  high  pressure,  high 
temperature  air  from  the  engine  compressor;  ducting  which  transmits  the  bleed 
air  from  the  Jet  engine  to  an  air  turtdnej  and  the  air  turbine  which  converts 
the  energy  of  the  bleed  air  to  shaft  power.  In  addition,  controls  are  needed 
to  regulate  the  speed  of  the  air  turbine.  A schematic  diagram  of  a typical 
straight  bleed  system  is  shown  in  Fig.  II-l.  The  thermodynamic  cycle  from 
the  inlet  of  the  compressor  at  am  to  the  outlet  of  the  turbine  at  bo  is 
shown  on  a temperature-entropy  diagram  in  Fig.  II-2. 

The  horsepower  demand  on  the  air  turbine  is  determined  by  the  require- 
ments of  the  individual  accessories.  This  includes  aiqr  emergency  overloads 
which  may  be  e^qiected.  The  air  turbine  must  satisfy  these  power  requirements 
by  drawing  from  energy  available  in  the  bleed  air.  The  energy  in  the  bleed 
air  available  to  the  turUne  is  determined  by  the  operating  conditions  of  the 
airplane  engine  and  the  pressure  drop  in  the  duct.  For  a given  airplane  and 
engine  operating  condition,  a decrease  in  the  accessory  power  requirement  tends 
to  increase  the  turbine  speed.  This  is  sensed  by  the  control  which  acts  to 
decrease  the  amoiuib  of  bleed  air  delivered  to  the  turbine.  For  a given  ac- 
cessory load  amy  change  in  airplane  or  engine  operating  conditions  which 
decreases  the  bleed  air  temperature  and  pressure  will  tend  to  decrease  the 
turbine  speed.  In  this  instance  the  control  acts  to  increase  the  amount  of 
bleed  air  delivered  to  the  turbine. 

The  pneumatic  system  must  be  designed  so  that  the  maximum  or  overload 
requirements  will  be  satisfied  under  the  most  adverse  operating  conditions 
of  the  airplane  and  engine.  Selection  of  the  proper  duct  diameter  has  to  be 
made  accordingly.  The  pressure  drop,  and  consequently  the  energy  loss  in  a 
duct,  increases  with  the  velocity  of  the  2ilr  passing  through  it.  For  given 
accessory  load  and  inlet  conditions  a smaller  duct  causes  a larger  pressure 
drop  and  greater  energy  loss.  The  smallest  duct  that  is  capable  of  trans- 
mitting the  necessary  amount  of  air  without  undue  energy  loss  must  be  determined 
for  the  most  adverse  operating  conditions. 
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II-l  SCHEMATIC  DIAGRAM  FOR  A STRAIGHT  BLEED  AIR  SYSTEM 
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The  most  adverse  or  critical  operating  conditions  occiir  when  the  air- 
plane is  making  a landing  approach  or  descends  from  a high  altitude  with 
the  engines  idling.  Then  the  energ7  available  per  pound  of  bleed  air  is 
low  due  to  low  temperature  and  pressure  of  the  air  discharged  from  the 
engine  compressor,  making  a large  duct  diameter  necessary.  It  is  possible 
that  other  circumstances  may  represent  the  critical  operating  conditions 
for  different  airplanes  with  different  airplane  engines,  and  different 
overload  specifications.  Therefore,  the  minimum  permissible  duct  diameter 
should  be  calculated  for  every  condition  requiring  a large  amount  of  bleed 
air  due  to  a low  pressure  ratio.  The  largest  among  the  minimum  duct  diameters 
which  is  needed  indicates  the  most  adverse  operating  conditions. 

When  using  a pneumatic  system,  it  is  generally  advantageous  from  a 
weight  viewpoint  to  combine  the  cabin  conditioning  system  with  the  accessory 
power  transmission  system.  The  cabin  conditioning  duct  diameter  is  increased 
to  accommodate  the  air  requirements  of  the  accessory  power  unit.  Thus,  for 
the  duct  the  transmission  system  is' charged  oiily  for  the  increment  in  duct 
weight  due  to  the  increase  in  duct  diameter. 

When  the  accessory  power  system  is  combined  with  the  cabin  conditioning 
system,  the  maximum  allowable  pressure  drop  through  the  duct  is  given.  For 
proper  functioning  the  cabin  conditioning  and  pressurization  system  requires 
that  the  inlet  pressure  to  the  cabin  conditioning  turbine  be  kept  above  a 
specified  minimum  at  high  altitude.  This  minimum  pressure  is  determined  by 
the  requirements  of  the  conditioning  ludt  and  is  used  as  a design  criterion 
in  calculating  the  duct  diameter. 

3he  bleed  and  burn  system  is  Identical  to  the  straight  bleed  system, 
except  that  a burner  is  inserted  just  ahead  of  the  turbine.  The  burner 
raises  the  air  temperature  -thereby  Increasing  -the  energy  available  -to  -the 
turbine  per  pound  of  bleed  air.  Figs.  II-3  and  II-U  show  a schematic  diagram 
and  a temperature-entropy  diagram  for  -this  sys-bem.  In  many  cases  -the  bleed 
and  bum  sys-tem  is  superior  to  -the  straight  bleed  sys-tera  from  a wel^t  and 
performance  -viewpoint.  Howe-ver,  there  are  two  ra-ther  serious  objec-tions  to 
-the  bleed  and  bum  systemj  the  control  problem  is  complex,  and  -the  addi-tional 
burner  represents  a safety  hazard.  The  choice  between  a straight  bleed  and 
a bleed  and  bum  sys-tem  has  -to  be  based  on  considerations  of  safety.  There- 
fore, -the  choice  caiuiot  be  made  solely  on  the  basis  of  minimum  -weight  re- 
quirements, but  is  largely  a matter  of  judgment  and  policy. 

For  a fair  comparison  with  o-ther  systems  it  is  necessary  to  de-termine 
-the  optimum  pneumatic  sys-tem  idiich  is  defined  as  -the  llgh-test  sys-tem  capable 
of  fulfilling  all  power  requirements  of  the  airplane  design  mission.  The 
-weight  of  the  sys-tem  is  composed  of  -the  folio-wing- items: 

1.  Weight  of  sys-tem  components  (duct,  air  turbine,  go-vernor 
or  controls ) , 

2.  Weight  of  fuel  required  by  engine  to  compress  -the  air  which 

was  bled  from  main  engine  compressor  -bo  opera-te  the  accessories. 

3.  Weight  of  fuel  required  -to  o-vercome  any  addi-tional  aerodynamic 
drag  caused  by  transmission  system. 
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Fig«  II-3  SCHEMATIC  DIAGRAM  OF  A BLEED  AND  BURN  SYSTEJi 
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U*  Any  aizplane  structural  weight  Increase  caused  by  the 
installation  of  the  system  In  the  airplane* 

This  report  Includes  an  analysis  of  the  first  two  Items  listed  above 
for  the  systems  under  consideration*  Since  the  other  two  items  are  deter- 
mined primarily  hf  the  airplane  design  concept,  they  are  treated  as  constant 
for  each  particular  type  of  system  and  tiirplane*  ^n  analysis  of  a specific 
aiiplane  should  include  a study  of  these  factors* 

The  optimum  pneumatic  system  must  be  capable  of  transmitting  the  maximum 
required  accessory  power  at  all  operating  conditions  of  the  aircraft.  ffl.nce 
the  pressure  at  the  engine  bleed  port  is  determined  by  the  operating  con- 
ditions, the  design  quantity  remaining  variable  is  the  duct  diameter*  The 
smallest  duct  diameter  that  can  satisfy  the  power  requirements  ordinarily 
results  in  the  lightest  installed  weight,  while  the  fhel  wei^t  required 
to  furnish  the  bleed  air  is  relatively  large*  The  major  contribution  to 
the  fuel  weight  occurs  during  cruise  conditions,  while  the  critical  operating 
conditions  idiich  determine  the  minimum  duct  diameter  usually  occur  at  other 
operating  conditions* 

In  order  to  determine  the  optimum  duct  diameter  it  is  usually  more 
convenient  to  start  with  the  minimum  duct  diameter,  determine  the  corres- 
ponding wel^t  of  ducting  and  turbines,  and  calculate  the  required  fuel 
weight*  Since  no  ampler  duct  diameter  can  satisfy  the  system  requirements 
it  suffices  to  check  whether  a larger  diameter  results  in  a greater  or 
smaller  total  system  weight*  Should  the  wei^t  be  smaller,  when  a larger 
duct  is  assumed,  the  process  is  repeated  until  the  minimum  total  weight 
is  determined*  The  maximum  power  condition  is  used  to  detennine  the  duct 
diameter  which  in  turn  determines  the  capacity  or  size  of  the  system  com- 
ponents* The  weight  of  the  system  is  calculated  from  the  size  or  capacity 
of  the  system  components*  The  flight  profile  of  the  airplane  and  the  load 
schedule  of  the  accessories  are  used  to  determine  the  fuel  required  by  the 
accessories* 

The  optimum  pneumatic  system  is  determined  by  a trial  and  error  pro- 
cedure* Beginning  with  the  minimum  permissible  duct  diameter  capable  of 
transmitting  the  maximum  required  accessory  power,  successively  larger 
diameters  are  assumed  and  the  system  weight  is  calculated  for  each  duct 
diameter*  Increasing  the  duct  diameter  effectively  decreases  the  losses 
in  the  system  and,  hence,  increases  the  system  efficiency*  This  saves  fuel 
at  the  expense  of  increased  installed  weight*  It  may  occur  for  certain  design 
flight  missions  that  the  savings  in  fuel  weight  will  more  than  offset  the 
increase  in  installed  weight  due  to  the  larger  duct  diameter*  Hence^  the 
optimum  duct  diameter  may  be  larger  than  the  minimum  permissible  diameter* 

A plot  of  total  wel^t  versus  duct  diameter  will  indicate  the  optimum  diameter 
which  will  give  the  minimum  total  weight* 

Uzider  some  circumstances  it  is  possible  to  calculate  an  approximate 
optimum  duct  diameter  directly  for  a straight  bleed  system,  l.e*,  the  duct 
diameter  at  which  mlnimiun  total  system  weight  occurs*  The  optimum  duct 
analysis,  (presented  in  part  B-3  of  this  section),  assumes  that  the  airplane 
is  operating  at  cruise  conditions,  that  the  weight  of  the  required  turbine 
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is  not  affected  by  changes  in  duct  diameter,  that  no  overload  is  specified, 
and  that  the  turbine  is  designed  for  the  power  required  from  the  accessory 
system  at  cruise  conditions*  Therefore,  when  the  overload  horsepower 
requirements  are  only  slightly  larger  than  the  cruise  horsepower  requirements, 
and  idien  the  turbine  weight  is  a small,  percentage  of  the  total  system  weight, 
the  optimum  duct  diameter  can  be  approximated  by  direct  calculation* 

The  method  for  determining  the  minimum  permissible  duct  diameter  and 
the  total  system  weight  is  based  on  several  assumptions.  It  is  assumed 
that  the  txirbine  is  controlled  by  a variable  area  nozzle*  Due  to  the  iu>- 
ceidiainty  as  to  the  exact  duct  length  and  number  and  location  of  fittings, 
the  pressure  drop  in  the  duct  can  only  be  approximated*  For  this  analysis, 
it  is  more  desirable  to  calculate  a pressure  drop  that  is  too  large  rather 
than  too  small*  Therefore,  a constant  temperature,  equal  to  the  duct  inlet 
temperatiaxe,  is  assumed  for  purposes  of  estimating  the  pressure  losses  in 
the  duct*  It  is  assumed  that  the  heat  lost  from  the  bleed  air  due  to  heat 
transfer  through  the  duct  walls  is  equal  to  the  heat  gained  due  to  friction 
and  turbulence*  The  flow  from  the  bleed  point  at  the  engine  to  the  end  of 
the  duct  therefore  can  be  treated  like  an  isentropic  process*  It  is  assumed 
that  the  combustion  in  the  bleed  and  bum  system  takes  place  at  constant 
pressure* 

The  procedure  for  evaluating  a pneumatic  power  transmission  system 
consists  of  three  steps: 

1*  Establishment  of  design  conditions  required  for  evaluation.  These 
include  the  mission  profile  of  the  airplane,  the  accessory  load  schedule 
(including  overloads),  approximate  location  of  the  accessories  within  the 
^rfrarae,  type  of  system  permitted  (straight  bleed  or  bleed  and  bum)  and 
pressure  drop  limitations* 

2*  Determination  of  minimum  duct  diameter* 

3*  Determination  of  minimum  total  system  weight* 

Throughout  the  minimum  wei^t  analysis  several  groups  or  arrangements 
of  quantities  keep  reappearing*  To  facilitate  computation,  these  quantities 
are  assigned  names  and  symbols,  such  as  head  loss  parameter,  ^ , dimensionless 

horsepower  parameter,  HP  , and  dimensionless  pressure  drop  parameter,  j 
These  parameters  are  generally  determii»d  separately,  in  some  cases  by  mathe- 
matical confutation  and  in  others  fjrom  curves*  They  are  then  used  in  later 
computations* 

B*  Nomenclature 

2 

annalar  area  of  the  rotor,  in* 
taper 

thrust  correction  factor 
fuel  flow  correction  factor 
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A 

a 

®bl 
C 


bl 
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C",  - specific  fuel  consumption  chargeable  to  the  accessories,  lb 
of  fuel  per  hr/lb  of  bleed  air  per  sec 

nozzle  coefficient 

c per  cent  increase  in  rotor  blade  height  over  nozzle  blade  height 
Cp  specific  heat  at  constant  pressure,  Btu/lb*F 
D duct  diameter  or  diameter,  ft 
D dimensionless  duct  parameter 

d turbine  tip  diameter,  in* 

thnist  of  engine,  lb 

f friction  factor,  factor,  or  function 

g acceleration  due  to  gravity,  ft/sec  , or  function  of  X ( see  page 
h blade  hei^t,  in* 

HP  horsepower 

HP  dimensionless  horsepower  parameter 

K head  loss  coefficient  or  proportionality  constant 

2iK  total  head  loss  coefficient 

k ratio  of  specific  heats 

L length  of  duct,  ft 

N revolutions  per  minute,  l/min 

2 

P absolute  pressure,  Ib/ft 

R gas  constant,  ft-lb/lb*R 

Re  Reynolds  number 

r ratio  or  radius,  in* 

S ratio  of  fitting  weight  to  wei^t  of  duct  alone,  or  pitch,  in* 

8 allowable  stress,  psi 

T taper  factor  or  temperature,  *R 

t thickness,  in* 
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"BL 

"bl 

w. 


r 

cC 


SnbscriptB 

A 

a 

am 


velocity,  ft/s*c 
Height,  lb 

Height  rate  of  air  flow,  Ib/sec 
bleed  air  flow,  Ib/sec 

dimensionless  bleed  air  flOH  parameter 
fuel  flow  for  engine,  Ib/hr 

Hei^t  of  fuel  required  to  operate  accessory  system  for  time 
Hidth,  in* 

dimensionless  pressure  drop  parameter 

inverse  of  pressure  ratio, 

head  loss  parameter 

Height  density,  Ib/ft^ 

aqpect  ratio 

efficiency 

admission  an^e 

blade  solidity 

2 

dynamic  (absolute)  viscosity,  Ib-sec/ft 
duretion  of  poser  extraction,  hr 
horseposer  pai«ii»ter 

specific  thrust  fuel  consunqjtion,  Ib/hr-lb 

2 

duct  Hei^t  coefficient,  Ib/ft 


area 

air 

ambient  condition 
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BL 

bleed  axr 

b 

blade 

bl 

conditions 

at 

conqjressor  outlet 

b3 

conditions 

at 

burner  inlet 

bU 

conditions 

at 

turbine  inlet 

bO 

conditions  at 

turbine  discharge 

C 

casing 

c 

cruise 

cr 

critical 

D 

duct 

d 

disk 

E 

engine 

f 

fuel 

G governor  or  gears 

GB  gear  box 

1 insulation 

i jet 

m mean 

N nozzle 

p pitch  line 

T turbine,  or  total 

t tangential,  throat 

V velocity 

W wheel 

C*  Initial  Data 

The  following  is  a list  of  the  initial  data  required  to  perform  the 
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pneimatic  system  analysis*  The  data  are  divided  into  groups  according  to 
the  probable  source  of  information* 

1*  From  Design  Flight  Mission 

Establish  typical  fli^t  conditions  for  the  airplane*  The  altitude, 
speed,  and  thrust  required  from  the  engine  should  be  obtained  for  each  flight 
condition*  The  following  is  a list  of  typical  flight  conditions; 

Cruise 

Landing  (minimum  power  at  sea  level) 

Take-off 
Military  power 

Bescent  at  altitude  (minimum  power) 

2*  From  Engine  Specifications 

Bleed  pressure  at  each  flight  condition,  psia 

Bleed  temperature  at  each  fli^t  condition,  ‘R 

Thrust  correction  factor  due  to  extraction  of  bleed  air,  C. 

(at  cruise  conditions) 

Fuel  flow  correction  factor  due  to  extraction  of  bleed  air, 
C*bi»  (at  cruise  conditions) 

Engine  thrust  at  czulse  conditions.  F . lb 

n 

Fuel  flow  at  cruise  conditions,  Ib/hr 
Air  flow  at  cruise  conditions,  W , Ib/sec 

Si 

Specific  thrust  fuel  consumption,  \^,  (see  Fig.  III-2) 

3«  From  Accessory  System  Specifications 

Horsepower  requirements  of  the  accessory  system  at  various 
fli^t  conditions,  including  overload 

Duct  length,  L,  ft 

Duration  of  power  extraction,  hotirs  (depends  also  on 
design  mission) 

Approximate  number  of  bends,  turns,  valves,  etc. 
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Determine  if  there  are  maximum  pressure  drop  requirements 
Determine  if  a bleed  and  burn  system  is  permissible 
U*  From  Initial  Assumptions 

Several  decisions  must  be  made  in  regard  to  the  type  of  component 
equipment  and  materials  to  be  used,  such  as  type  of  turbine  and  controls, 
kind  of  duct  insulation,  kind  of  fuel,  etc.  These  decisions  must  be  based 
on  the  stage  of  development,  availability,  ease  of  maintenance,  etc.  of  the 
particular  component  or  material.  The  following  design  data  are  then  based 
on  the  best  available  information  concerning  these  components  and  materials; 

tp  duct  wall  thickness,  ft 

n weight  density  duct  material,  Ib/ft"^ 

t^  insulation  thickness,  ft 

ri  weight  density  of  insulation,  Ib/ft^ 

S ratio  of  fitting  weight  to  weight  of  duct  alone 

HV  heating  value  of  the  fuel,  Btu/lb 

T^l^  maximum  turbine  inlet  pressure,  *R 

turbine  efficiency,  per  cent 

Both  full  and  part  load  turbine  efficiencies  should  be  obtained 
for  the  type  of  t\irbine  to  be  used.  A reasonable  estimate  of  these 
efficiencies  can  be  taken  from  Ref.  Il-i;  for  turbines  designed  for 
this  type  of  application. 

To  determine  the  weight  of  an  axial  flow  turbine,  the  following  information  is 
necessary: 

a taper,  ratio  of  blade  cross-sectional  area  at  the  tip  to  the  cross- 
sectional  area  at  the  root 

0 tvirbine  admission  angle,  degree  (see  Pig.  II-8) 

s allowable  stress,  psl 

(5  blade  aspect  ratio,  ratio  of  blade  height  to  blade  width 
t average  casing  thickness,  in. 

Wq  casing  width,  in. 

weight  density  of  casing  material,  Ib/ft^ 
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velocity  factor,  ratio  of  lAeel  pitch  line  velocity  to  ta»- 
gential  velocity  of  the  gas 

area  factor  or  gaging,  ratio  of  noz^e  throat  area  to  annular  area 
per  cent  increase  in  rotor  blade  height  over  nozzle  blade  height 
D,  Analysis  Pi*ocedure  for  Straight  Bleed  System 

A step  ty  step  procedure  is  presented  for  determining  the  miniDiain  duct 
diameter  and  the  minimum  total  system  weight  for  a straight  bleed  system  as 
shown  in  Fig,  U-1. 

The  miniTmitH  duct  diameter  is  calculated  in  one  of  two  possible  ways 
depending  on  the  maximum  pressure  drop  stipulation.  If  the  accessory  trans- 
mission system  does  not  incorporate  the  cabin  conditioning  system,  there  is 
no  Tnan-iTmim  allowable  pressure  drop  specified.  It  is  only  required  that  the 
maximum  load  be  satisfied  at  the  most  adverse  flight  condition.  The  procedure 
for  calculating  the  minimum  duct  diameter  under  these  condilions  is  presented 
in  step  1 below* 

If  the  power  transmission  system  does  incoiporate  the  cabin  conditioning 
system,  a maTrinniin  allowable  pressure  drop  is  specified.  It  is  required  that 
the  wa-Himim  accessory  load  be  satisfied  and  that  the  maximum  pressure  drop 
not  be  exceeded  at  the  most  adverse  fli^t  condition.  The  procedure  for 
determining  the  miniiiium  duct  diameter  under  these  conditions  is  outlined  in 
step  2 below* 

Under  certain  special  conditions  the  optimum  duct  diameter,  i*S*jthe 
duct  diameter  idiich  will  give  the  minimum  total  system  weight,  can  be  computed 
directly*  This  makes  it  possible  to  avoid  the  trial  and  error  procedure  in 
determining  the  minimum  total  system  weight*  The  procedure  for  calculating 
the  optimum  duct  diameter  is  presented  in  step  3 below* 

Once  a duct  diameter  is  established  the  approximate  total  system  wei^t 
can  be  calculated,  Vdiere  the  airplane  flight  conditions  and  the  transmission 
system  specifications  are  such  that  the  optimum  duct  diameter  cannot  be  deter- 
mined directly,  the  system  weight  is  computed  for  the  minimum  duct  diameter 
and  several  larger  diameters,  A plot  of  the  total  system  weight  versus  duct 
diameter  will  indicate  the  optimum  duct  diameter  and  the  minimum  system  weight. 
The  procedure  for  calculating  the  system  weight  is  presented  in  step  U* 

Determine  Minimum  Duct  Diameter  at  Critical  Flight  Condition  - 

Case  One 

Case  one  considers  maximum  load  at  adverse  flight  conditions  with 
no  pressure  drop  stipulation  from  the  cabin  conditioning  system* 


c 


a*  Determine  the  Head  Loss  Parameter^ 

The  head  loss  parameter  is  found  from  (derivation  of  this 
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equation  Is  in  Part  2 of  this  report) 


16  R T._ 
nl 

gii  ^bi 


(ii-i) 


where! 

R * gas  constant,  ft-lb/lb  *R 

2 

bleed  air  pressure  at  con^ressor,  Ib/ft  abs. 

ZUK  ■ total  head  loss  coefficient  stressed  in  number  of 
velocity  heads 

2 

g » acceleration  due  to  gravity,  ft/sec 
Tbi  ■ bleed  air  temperature  at  compressor,  *R 


The  total  head  loss  coefficient,  expressed  in  number  of  velocity  heads,  K, 
must  be  estimated  from  the  airplane  configuration  and  empirical  data,  as 
follows! 

From  the  dimensional  outline  of  the  airplane,  the  location  of  the  en^ne 
and  power  conversion  unit,  estimate  the  approximate  number  of  elbows,  valves 
and  tees,  and  the' length  of  straight  ducting.  Determine  the  individual  head 
loss  coefficient  of  each  fitting  and  length  of  duct.  The  total  v elodty 
head  loss  coefficient  is  equal  to  the  sum  of  the  individual  head  loss  co- 
efficients. 

The  head  loss  coefficient  for  each  fitting  or  length  of  duct  is  defined 
as! 


K - (II-2) 

g 

idiere! 


K “ head  loss  coefficient  or  the  number  of  velocity 
heads  lost 

2 

AP  “ pressure  drop,  Ib/ft 

■ weight  density  of  the  air,  Ib/ft^ 

V " velocity  of  the  air  in  the  duct,  ft/sec 
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For  straight  lengths  of  circular  ducts. 


(II-3) 


idieret 


f ” friction  factor 
L ■ length  of  straight  duct,  ft 
D ■ duct  diameter,  ft 


!Ihe  head  loss  coefficient  varies  according  to  the  type  and  design  of  each 
fitting  and,  to  a lesser  degree,  with  the  Reynolds  Number  of  the  flow 
through  the  fittings  and  ducts.  These  coefficients  have  been  determined 
experimentally  and  tabulated.  A large  number  of  such  coefficients  for 
various  duct  components  correlated  with  Reynolds  Number  are  given  in 
Refs.  II-l,  II-2,  and  II-3*  By  assuming  a value  for  Reynolds  Number,  ^diich 
will  be  checked  later,  an  estimate  of  the  individual  head  loss  coefficients 
may  be  obtained  from  these  references.  A reasonable  initial  assumption  for 
Reynolds  Number  can  be  computed  from  the  following  equation  by  assuming  a 
flow  rate  of  bleed  air  and  a duct  diametert 


where t 


Re 


(II-U) 


A 


■ flow  of  bleed  air,  Ib/sec 

■ duct  diameter,  ft 

■ dynamic  (absolute)  viscosity  of  the  air, 
lb«sec/ft  , (based  on  duct  inlet  temperature) 


w 

b.  Determine  the  Maximum  Dimensionless  Horsepower  Parameter,  HP 

The  maximum  dimensionless  horsepower  parameter  can  be  taken 
from  Fig.  II-5*  ^’or  an  inverse  pressure  ratio,  (X.  > existing  at  the  given 

fli^t  and  load  conditions  the  maximum  value  of  HP  can  be  read  on  the 
ordixiate.  This  also  determines  a value  for  the  dimensionless  presswe  drop 

parameter,  X , read  on  the  abscissa.  Hhe  inverse  pressure  ratio  is  defined  as 

oC  - (II-5) 

^bl 
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c.  Calculate  the  Minimum  Duct  Diameter 


Now  the  minimum  duct  diameter  can  be  calculated  from 

1 


‘"min 


2.95 


HP 


max 


^J  \l 


(n-6) 


d.  Calculate  the  Bleed  Air  Flow, 

The  bleed  air  flow  can  be  found  from 


»BL  ' 


2 ^ 
H X 
bl  nan 


4 


T^SK 


(II-7) 


The  dimensionless  pressure  drop  parameter,  X , was  determined  for  these 
conditions  in  step  l-b« 


e.  Cheek  the  Value  of  Used  in  Step  1-a 

Using  the  calculated  values  of  and  recalculate  the 

Reynolds  Number  fixan  Eq.  (II-li).  The  total  head  loss  coefficient,  SK,  must, 
be  estimated  again  and  compared  with  the  ZK  used  to  calculate  /Sin  step  1-a. 

Repeat  steps  1-a  through  1-e  until  the  two  values  of-£K  agree  within 
15  per  cent.  Since  the  flow  in  the  duct  is  generally  turbulent,  SK  varies 
only  subtly  with  appreciable  changes  in  Reynolds  Number.  Hence,  satisfactory 
agreement  should  be  obtained  in  one  or  two  calculations. 

2.  Determine  Minimam  Duct  Diameter  at  Critical  Fli^t  Conditions  - 
Case  Two 

Case  two  considers  maximum  load  at  adverse  flight  conditions  with 
a maximum  allowable  pressure  drop  specified  by  the  cabin  conditioning  system. 


from 


where: 


a.  Calculate  the  Dimensionless  Pressure  Drop  Parameter,  X* 


The  dimensionless  pressure  drop  parameter  can  be  calculated 


M 


(II-8) 
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“ ratio  of  absolute  turbLna  inlet  pjressure  to 
absolute  compressor  outlet  pressure*  31ie 
tiirbine  inlet  pressure,  is  established 

by  the  specified  pressure  drop* 


b.  Detennlne  the  Idmensionlass  Horsepower^  HP 

Using  the  value  of  X*  calculated  above  and  the  value  of  cL, 

existing  at  the  specific  flight  condition,  HP*  can  be  taken  from  Fig*  II-5* 

c*  Calculate  the  Head  Loss  Parameter. 

The  value  of  B is  found  by  the  same  method  described  in 
Section  1-a*  ' 


d*  Calculate  the  Minimum  Duct  Diameter,  D__._ 

I ■ ■ ' - i ' ••  " mn 

The  minimum  duct  diameter  is  calculated  from  Eq*  (H-6)* 
e*  Calculate  the  Bleed  Air  Flow, 

^ The  bleed  air  flow  is  calculated  from  Eq,  (II-7)*  Use  the 
value  of  X calculated  in  step  2-a* 

f*  Check  the  Value  of^K  Used  to  Calculate  jd 

The  method  for  checking  ZT  K is  described  in  step  1-e* 

3*  Optimum  Duct  Diameter 

The  procedure  for  calculating  the  optimum  duct  diameter  is  based  on 
the  following  assumptions: 

The  airplane  is  operated  at  cruise  conditions  throu^out  the 
flight 

Accessory  power  turbine  weight  is  not  affected  by  changes  in 
duct  diameter 

No  specified  overload  requirements 

The  turbine  is  designed  for  the  power  required  of  the  trans- 
mission system  at  cruise  conditions 

The  method  for  computing  the  optimum  duct  diameter  is  presented  below* 

a*  Determine  Duct  Weight  Coefficient,  (jQ 

The  duct  weight  coefficient  is  the  total  weight  of  the  duct. 
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including  fittings  and  insulation  per  unit  length  per  unit  diameter* 


where* 


• total  duct  weight  including  fittings  and  insulation^  lb 


L * duct  length,  ft 


D ■ inside  duct  diameter,  ft 


If  possible  the  weight  coefficient  should  be  based  on  information  from 
previous  installations.  If  no  data  are  available,  the  weight  coefficient  can 
be  calculated  from  the  following* 


(jJ 


-7T 


(II-IO) 


tjj  ■ duct  wall  thickness,  ft 
^ ■ weight  density  of  duct  material,  Ib/ft^ 


t^  ■ insulation  thickness,  ft 

r±  • weight  density  of  insxilating  material,  Ib/ft^ 

S • ratio  of  fitting  weight  to  the  weight  of  the  duct  alone 


b*  Detennine  the  Specific  Fuel  Consumption  of  the  Accessories. 
The  specific  fuel  consiunptlon  is  found  from 


C" 


_i'%l  ^n^C’bl^f 
bl  r 


(Il-ll) 


where* 


^1 


specific  thrust  fuel  consumption.  Ib/Lb-hr  (see 
Fig.  III-2  in  hydraulic  section; 

thrust  correction  factor 

fuel  flow  correction  factor 

engine  thrust,  lb 
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Wj  " fuel  flow,  Ib/hr 
= air  flow,  Ib/sec 

All  of  the  factors  in  Eq,  (H-U)  can  be  obtained  from  the  engine  specifi- 
cations* For  this  particular  duct  calculation  these  factors  should  be  taken 
at  airplane  cruise  conditions* 

c*  Determine  the  Horsepower  Parameter, 


^eret 


The  horsepower  parameter  is  found  from 


2*95  HPg 

^bl 


(11-12) 


“ horsepower  required  b7  accessories  at  cxoilse  conditions 
" temperature  of  bleed  air  at  compressor  outlet,  *R 
” turbine  efficiency,  per  cent  (assumed) 

The  turbine  efficiency  must  be  estimated  from  the  best  information 
available  on  the  type  of  turbine  being  considered  at  the  time  of  analysis*  A 
good  indication  of  the  variation  of  turbine  efficiency  with  load  and  iiHet 
conditions  is  obtained  from  Ref*  n-U* 

d*  Determine  the  Head  Loss  Parameter, 

The  head  loss  parameter  is  found  by  the  same  method  described 
in  Step  1-a  except  the  various  temperatures,  pressures,  etc*  are  taken  at 
cruise  conditions* 


e*  Calculate  the  Dimensionless  Kme  Parameter, 


The  time  parameter  is  found  £xxm 

- °"bi^r?~'  'I 

CJL 


(11-13) 


idiere: 


total  time  that  power  is  extracted  from  the  engine,  far 


All  of  the  factors  in  this  equation  have  been  determined* 
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Determine  the  Optimum  Value  of  the  Pressure  Drop  Parameter,  X 

Hie  optunum  value  of  the  pressure  drop  parameter  Is  taken  from 

Fig.  II-6  for  the  calculated  value  of  the  dimensionless  time  parameter,  "V*, 
and  the  value  of  the  inverse  pressure  ratio, existing  in  the  engine  at 
cruise  conditions. 


g.  Calculate  the  Optimum  Duct  Diameter 

Determine  the  dimensiosiless  horsepower  parameter,  HP  , from 

‘X 

Fig.  II-5  at  the  optimum  X and  the  existing  OQ  • Calculate  the  optimum 
duct  diameter  from 

n 


^opt 


2. 


HP 


\l 


HP 


h.  Check  the  Value  of  K Used  and  Calculate  /3 


T 


Detetmine  the  bleed  air  flow,  from 


(II-IU) 


W, 


BL 


(n-i5) 


Using  the  values  of  D^„.  and  check  the  value  of  2 K as  described  in 
Section  1-e.  «Pt  BL 


U.  Determine  the  Minimum  Total  Wei^t  of  the  System 

The  total  system  weight  is  equal  to  the  sum  of  the  component  weigjits. 
The  weight  of  each  component  is  determined  as  a function  of  duct  diameter. 

The  total  system  weight  is  calculated  first  for  the  miniraum  permissible  duct 
diameter  and  Ihen  for  a few  assumed  duct  diameters  at  nominal  increments.  A 
plot  of  total  system  weight  versus  duct  diameter  will  indicate  the  mi  ninnim 
total  system  wei^t.  The  total  system  weight,  S W,  is  calculated  from 

S W - Wj  + Wjj  + Wp  ♦ Wj^  (n-i6) 


where: 

Wj  ■ turbine  weight,  lb 

■ total  duct  weight,  including  fittings  and  insulation,  lb 
Wp  ■ fuel  weight,  lb 
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Wj^  ■ increment  of  total  aircraft  weight  due  to  additional 
structviral  requirements  and  to  the  fuel  required  to 
overcome  any  increased  aerodynamic  drag  chargeable  to 
the  transmission  system,  lb 

The  method  of  determining  the  weight  of  each  con5>onent  shown  in  Eq,  (II-I6) 

is  outlined  below* 

a*  Determine  the  Turbine  Weight, 

Part  F of  this  section  presents  a method  for  calculating  the 

turbine  weight* 

b.  Determine  the  Duct  Wei^t, 

The  duct  wei^t  is  calculated  from 

Wjj  - (UUL  (11-17) 

idiere: 


tJ  - duct  weight  coefficient  (determined  in  step  3-a) 

Determine  the  Fuel  Wei^t,  Wp 

If  the  accessory  load  schedule  and  the  flight  profile  are  such 
that  the  specific  fuel  coiisumption  and  the  bleed  air  flow  can  be  assumed 
constant  throughout  the  mission  of  the  airplane,  the  total  fuel  wei^t  can 
be  calculated  fi'om  the  following: 


idiere: 


="bl 


(11-18) 


■ specific  fuel  consumption  chargeable  to  accessories, 

lb  of  fuel  per  hr/lb  of  bleed  air  per  sec 

• bleed  air  flow  at  cruise  conditions,  Ib/sec 
TT  - duration  of  power  extraction,  hr  (from  initial  data) 


If  the  accessory  load  schedule  and  the  flight  profile  are  such  that 
C"^l  and  cannot  be  assumed  constant,  then  the  flight  is  divided  into  short 

time  intervals  over  which  this  assumption  is  valid*  The  sum  of  the  fuel 
weights  for  these  intervals  is  the  total  weight  of  fuel  required  for  the 
mission* 
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The  bleed  air  flow,  is  determined  as  follows: 

Determine  the  dimensionless  horsepower,  HP  , from 


HP 


* _ UtSltyf^HP 


(11-19) 


Determine  the  value  of  X*  corresponding  to  HP*  and  the  inverse  pressure 


ratio,  c(.  , from  Fig.  II-5. 


Calculate  from 


D * 

W *■  - , T 

^ 4T 


(11-20) 


The  head  loss  parameter,y^  , is  determined  from  Eq.  (II-l)* 

d»  Determine  the  Incremental  Airplane  Weight, 

The  value  of  Wj^  is  primarily  determired  from  the  design  concept 

of  the  particular  airplane  and  type  of  accessory  system  under  consideration* 
Therefore,  Wj^  is  treated  as  a constant  for  each  accessory  system  and  airplane* 


The  total  system  weight  is  computed  from  Eq,  (II-16)  for  the  minimum  duct 
diameter,  and  several  larger  duct  diameters*  A plot  of  total  weight  versus 
duct  diameter  will  indicate  the  minimum  total  weight  of  the  strai^t  bleed 
system*  This  figure  may  be  used  for  comparing  the  strai^t  bleed  system  with 
other  types  of  accessory  transmission  systems* 


E*  Analysis  Procedure  For  a Bleed  and  Burn  System 

A step  by  step  procedure  is  presented  for  determining  the  minimum  duct 
diameter  and  the  minimum  total  system  weight  for  a bleed  and  burn  system  as 
shown  in  Fig,  II-3* 

The  procedure  is  similar  to  that  for  a straight  bleed  system.  The 
minimum  duct  diameter  is  determined  for  two  cases*  Case  one  considers  maximum 
accessory  load  at  adverse  flight  conditions  with  no  pressure  drop  stipulation* 
Case  two  considers  maximum  accessory  load  at  adverse  flight  conditions  with  a 
specified  maximum  pressure  drop*  Ihe  procedure  for  computing  the  total  system 
weight  is  presented  in  step  3 below*  Here  again  it  is  necessary  to  calculate 
the  total  weight  for  several  duct  diameters  to  determine  the  minimum  total 
weight* 

1*  Determine  Minimum  Duct  Diameter  at  Critical  Flight  Conditions  - 
Case  One 

Case  one  considers  maximum  load  at  adverse  fli^t  conditiofiis  with  no 
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pressure  drop  stipulation* 

a*  Obtain  the  Majdinum  Value  of  the  Dimensionless  Horsepower*  HP 

Determine  the  maximum  value  of  the  dimensionless  horsepower^  HP  ^ 
from  Fig*  II-7  at  the  prevailing  inverse  pressure  ratio,  oC>  'tbe  critical 

fli^t  condition*  This  also  determines  a corresponding  value  of  X * 


step  l~a* 


b*  Determine  the  Value  of  the  Head  Loss  Parameter, 

The  head  loss  parameter,  /S  , is  determined  as  shown  in  Section  D, 

c*  Calculate  the  Minimum  Buct  Diameter 

The  minimum  duct  diameter  is  calculated  from 


min 


’'bli 


max 

HP* 


(11-21) 


where: 


"bu 


maximum  horsepower  required  of  accessories 

turbine  inlet  temperature,  “R  (This  is  the 
temperature  after  combustion*) 

head  loss  parameter  determined  from  Eq*  (ll-l) 


d*  Check  the  Value  of  gK  Used  to  Calculate  the  Head  Loss  Parameter,  yS 
Using  the  value  of  X corresponding  to  HP  in  Fig*  II-7j 

lUSiX 


calculate  the  bleed  air  flow,  W„_  from 

Jbli^ 

D^. 

X* 


'BL 


4^ 


(11-22) 


With  the  calculated  values  of  D^.  ^ and  Wgj^,  compute  the  Reynolds  Number  from 

Eq.  (II-U)  and  estimate  the  value  of  2IK  as  outlined  in  step  1-a  of  Section  D* 
Steps  1-a  throu^  1-d  of  this  section  should  be  repeated  until  the  calculated 
value  of  ZI  K agrees  with  the  original  estimate  within  1$  per  cent* 


2*  Determine  Minimum  Duct  Diameter  at  Critical  Flight  Conditions  - 
Case  Two 

Case  two  considers  maximum  load  at  adverse  flight  conditions  with  a 
specified  maximum  pressure  drop* 
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DIMENSIONLESS  PRESSURE  DROP  PARAMETER  FOR  A AND 

BURN  SYSTEM 
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a*  Calculate  the  pressure  drep  parameter,  X , from  Bq«  (II-8) 

b*  Determine  the  dimensionless  horsepower  from  Fig.  II-7  for 

the  value  of  X calculated  above  and  the  inverse  pressure  ratio,  existing 
at  given  flight  condition. 

c.  Calculate  the  minimum  duct  diameter  fi*om  Eq.  (II-21) 

d.  Check  the  value  ot HZ.  as  shown  in  step  1-d  of  this  section. 


3.  Detennine  the  Minimum  Total  System  Wei^t 

The  total  system  wei^t  is  calculated  from  Eq.  (II-16).  The 
method  of  calculating  the  turbine  weight,  W^,  is  presented  in  Part  F of  this 

section.  The  duct  weight,  is  calculated  from  Eq.  (XI-17).  The  weight 

of  the  fbel,  Wp,  is  determined  from 

“f’VT' 

where t 


3600  0^ 


HV 


(11-23) 


W 


■ weight  flow  of  bleed  air,  Ib/sec 

■ duration  of  power  extraction,  hr 

" specific  fuel  consumption  chargeable  to  accessories 
as  determined  from  Eq.  (II-U),  lb  of  fuel  per 
ho\ir/lb  of  air  per  sec 

^bU  " ■t'lrbine  inlet  temperature,  *R 

^^b3  ■ air  temperature  at  the  burner  inlet,  ‘R 

Cp  ■ specific  heat  of  air  at  constant  pressure,  Btu/lb  *F 

HV  ■ heating  value  of  fbel,  Btu/lb  of  fuel 

^comb  * combustion  efficiency,  per  cent 

Since  the  pressure  drop  through  the  duct  is  assumed  to  be  isentropio,  the 
ten^>erature  at  the  end  of  the  duct,  T^^^,  is  found  from 
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‘b3 


‘bl 


^b3 

^bl 


(II-2U) 


The  bleed  air  flow,  Wgj^,  is  determined  from  cruise  conditions  as  follows: 


Calculate  HP  from 


(11-25) 


Determine  X*  corresponding  to  HP*  and  the  inverse  pressure  ratio,  o£,  at 
cruise  conditions  from  Pig.  II-7* 


Calculate  the  bleed  air  flow,  from  Eq.  (11-20) 


The  total  system  weight  is  calculated  for  the  minimum  duct  diameter  and 
several  larger  diameters.  The  minimum  total  weight  is  obtained  from  the 
curve  of  total  weight  versus  diameter.  This  minimum  weight  may  then  be 
used  to  compare  the  bleed  and  burn  system  with  other  types  of  accessory  systems. 


F.  Weight  of  the  Air  Turbine 

In  calculating  the  total  weight  of  a pneumatic  system  from  Eq.  (H-l6), 
it  is  necessary  to  know  the  air  turbine  weight.  This  section  presents  a 
method  for  estimating  the  turbine  weight* 

The  total  weight  of  an  air  tixrbine  can  be  expressed  as  the  sum  of  the 
wei^ts  of  the  turbine  idieel,  the  turbine  casing,  the  governing  device  and 
the  gear  box.  Thus: 


■ total  wei^t 
* weight  of  the 
Wg  ••  weight  of  the 
Wq  “ weight  of  the 
Wqb*  weight  of  the 


of  the  turbine,  lb 
turbine  wheel,  lb 
turbine  casing,  lb 
governor,  lb 
gear  box,  lb 
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, Ibe  weight  of  the  gear  box  is  determiwd  from  torque  and  speed  reduction 
requireiaents*  The  procedure  for  calculating  this  weight  is  presented  in 
Section  VI* 

The  weight  of  the  governing  system  is  largely  dependent  on  the  type  of 
governing  used}  that  is,  idiether  a vaiiable  nozzle  area  control  or  a throttle 
control  is  used  and  idiether  a mechanical  or  electronic  governing  system  is 
used*  Once  the  method  and  type  of  governing  are  chosen,  the  weight  of  the 
governing  system  becomes  a ftmction  of  the  power  output  of  the  turbine*  The 
weight  of  the  governing  system  must  be  obtained  from  the  manufacturer's  data* 
This  weight  may  vary  from  5 to  10  pounds  for  a simple  throttle  control  and 
may  be  many  times  this  figure  for  a partial  admission  turbine.  For  the  bleed 
and  burn  system  the  burner  weight  is  included  with  the  governor  weight* 

The  weight  of  the  turbine  wheel  and  casing  depend  on  the  type  of  turbine 
used.  Two  basic  types  of  air  turbine  are  considered  here,  the  axial  flow 
type  and  the  radial  flow  type.  Schematic  diagrams  of  an  axial  flow  and  a 
radial  flow  turbine  are  shown  in  Figs.  II-8  and  II-9,  respectively* 

To  determine  accurately  the  weight  of  these  turbine  idieels  by  analytical 
methods  would  be  highly  impracticalo  In  an  aircraft  accessory  power  turbine 
installation,  the  turbine  wheel  weight  represents  only  a small  percentage 
of  the  total  turbine  weight,  and  the  weight  of  the  turbine  casing  and  governor 
can  only  be  estimated.  Therefore,  it  is  sufficient  to  establish  approximate 
methods  for  estimating  the  wheel  weight* 

The  weight  of  these  turbines  is  based  on  the  geometric  dimensions  of 
the  ^dieel*  The  geometric  dimensions  of  the  axial  flow  turbine  are  detennined 
by  the  flow  requirements  and  the  stress  limitations  of  the  disk  and  blades* 

For  a given  set  of  conditions  the  flow  is  indicated  by  the  maximum  required 
nozzle  throat  area.  The  stresses  are  indicated  by  the  pitch  line  velocity 
of  the  wheel,  which  in  turn  is  detennined  from  the  jet  velocity  of  the  gas 
leaving  the  nozzle,  (see  Fig.  II-8),  Thus,  the  geometry  of  the  axial  turbine 
is  determined  once  the  maximum  throat  area  and  jet  velocity  are  known.  The 
weight  can  then  be  estimated  from  the  wheel  dimensions. 

The  geometric  dimensions  of  the  radial  flow  turbine  depend  almost  entirely 
on  the  flow  requirements.  Here  again,  the  flow  is  indicated  by  the  maximum 
nozzle  throat  area.  Therefore,  the  weight  of  a radial  flow  turbine  can  be 
determined  once  the  maximum  nozzle  throat  area  is  known. 

The  method  for  determining  the  maximum  nozzle  throat  area  and  the  jet 
velocity  is  different  for  the  straight  bleed  and  the  bleed  and  burn  systems. 
Steps  1 and  2 below  describe  the  procedure  for  calculating  the  maximum  nozzle 
throat  area  and  the  jet  velocity  for  a strai^t  bleed  system,  while  steps  3 
and  U describe  the  procedure  for  calculating  these  quantities  for  a bleed  and 
burn  system.  This  supplies  the  necessary  data  for  calculating  the  weight  of 
eitheri  an  axial  flow  or  a radial  flow  turbine*  Steps  6,  and  7 describe  the 
procedure  for  calculating  the  approximate  weight  of  an  axial  flow  turbine* 

Step  8 describes  the  procedure  for  calculating  the  approximate  weight  of  a 
radial  flow  turbine* 
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* Maxiimun  Required  Nozzle  Throat  Area,  ~ Straight  Bleed  System 

The  following  procedure  is  used  to  determine  the  required  throat 
area  for  a straight  bleed  system* 

a«  Detennine  the  Dimensionless  Horsepower  Parameter,  HP 

For  the  most  adverse  flight  conditions  and  maximum  required 
horsepower,  calculate  HP  from 


HP*  - 


2.95, 


yzi 


HP. 


max 


1 


T D 
T ^bl  “ 


(H-27) 


The  head  loss  parameter,^  , is  determined  from  Eq.  (ll-l)  for  the  critical 
flight  condition,  ' 

b.  Determine  the  Dimensionless  Pressure  Drop  Parameter,  X* 

Using  the  value  of  HP*  calculated  above  and  the  value  of 

prevailing  at  the  most  adverse  flight  condition,  X can  be  taken  from 
Fig.  II-5. 

c*  Determine  the  Value  of  the  Dimensionless  Pressure  prop  Function 
For  the  Straight  Bleed  System,  g(X*) 

Knowing  X , the  value  of  g(X  ) can  be  taken  from  Fig.  II-IO* 

d.  Calculate  the  Maximum  Required  Throat  Area, 

The  maximum  required  throat  area  is  found  from 

.,2 


nIs  K 

2*  Jet  Velocity  - Straight  Bleed  System 


g(X*) 


(II-28) 


For  the  straight  bleed  system,  the  jet  velocity  of  the  gas  Issuing 
from  the  nozzle  can  be  closely  approximated  from 


1 


'^3* 


k + 1 


2g  BT, 


bl 


(11-29) 


where t 
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k ■ ratio  of  specific  heats 

2 

g ■ acceleration  due  to  gravity,  ft/sec 
R ■ gas  constant,  ft-lb/lb  *R 

■ discharge  temperature  of  compressor,  *R 


3*  Maximum  Required  Nozzle  Throat  Area  - Bleed  and  Bum  System 

The  following  procedure  is  used  to  determine  the  required  throat 
area,  A^,  for  a bleed  and  burn  system, 

• - * 

a*  Determine  the  Dimensionless  Horsepower  Parameter,  HP 


For  the  most  adverse  flight  conditions  and  the  maximum  required 
horsepower,  calculate  HP*  from 


(H-30) 


The  head  loss  parameter,  <5*  , is  determined  from  Eq,  (H-1)  for  the  critical 
flight  condition,  ' 


b,  Detemine  the  Dimensionless  Pressure  Drop  Parameter,  X* 

Using  the  value  of  HP  calculated  above  and  the  value  of  OC 
prevailing  at  the  most  adverse  fli^t  condition,  X*  can  be  taken  from  Fig,  II-7* 

c.  Determine  the  Value  of  the  Dimensionless  Pressure  Drop  Function 
For  the  Bleed  and  Bum  System,  h(X*) 

Knowing  X , the  value  of  h(X  ) can  be  taken  from  Fig,  II-U, 


d. 


Calculate  MaxlBrum  Required  Throat  Area,  A^,  for  Bleed  and  Bum 
System 

Maximum  required  throat  area  is  found  from 


A^  - 1.15 


h(X*) 


'bl 


(n-31) 
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Dimensionless  Pressure  Drop  Parameter 
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- tui'bine  inlet  temperature^ 


"R 


Jet  Velocity  ~ .Bleed,  and  Burn  System 

For  the  bleed  and  bum  system  the  velocity  of  the  gas  issuing 
from  the  noz?,le  is  given  by 


k + 1 


(II“32) 


Siiioo  tile  pressure  ratio  is  noKaally  greater  than  critical,  C should  be 
takei:'!  equal  'Uo 

Weight  of  rhe  Turbiie  Wheel  for  an  Axial  Flow  Turbine 

i:a>u!.v:^fT  d:rteem,nod  the  :Set  lislocity  and  the  maxlmuin  I'eauired  nozale 


■tF'iO 


area,  the  f o'Qo'sii ng  procedure  may  be  used  to  determine  the  turbine 


Det-ermine  the  .knnular  Area  of_  t^e  Hotor^  A 

'j’he  aimvcLar  area  of  the  rotor  (see  Figo  II-8)  is  found  fx'ora 


\ "■  h 


(11-33) 


whores 


c =■  per  cent  increase  in  rotor  blade  height  over  tiie 
nozzle  blade  height 

“ area  factor  or  gaging 
Tile  area  factor  is  defined  as  follows: 


where: 


2 

Ajj  • annular  area  of  the  nozzle  ring,  in.  (see  Tig.  II-8). 

b.  Determine  Pitch  Line  Velocity, 

The  pitch  line  velocity  is  found  from 

cos  9 (II-3U) 


liU 
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= velocity  factor,  ratio  of  pitch  line  velocity  to 
tangential  velocity  (V^  / ?^) 

Q ® admission  angle,  deg® 


c e Determine  the  Ratio  of  Blade  Height  to  Mean  Radius^ 

The  blade-radius  ratio,  calculated  from  (Eef®  II-6)! 


where s 


h 


r 

m 


E 


2 

s ='  alToweble  stress,  Ib/in® 

T tsp-er  factor 

^ = weight  density  of  blade  material,  Ib/ft^ 


(11-35) 


The  taper  factor,  T,  is  introduced  to  correct  the  stress  at  the  blade 
root  for  the  decrease  in  stress  due  to  tapered  blading®  The  value  of  this 
factor  is  shown  in  Fig.  11-12  for  several  values  of  taper,  a®  The  taper 
is  defined  as  the  ratio  of  blade  cross-sectional  area  at  the  tip  to  the 
cross-sectional  area  at  the  root® 

The  ratio,  h/r^,  may  be  taken  directly  from  Fig,  11-13,  which  shows 
Eq.  (11-35)  drawn  for  several  values  of  s/T  and  for  an  assumed  material 
weight  density  of  5U0  Ibs/ft^® 

d.  Determine  the  ELade  Hei^t,  h 

The  mean  radius,  r , can  be  calculated  from 
’ m 


ffl 


(11-36) 


The  ]3iean  radius  may  be  taken  from  Fig®  Il-lli  idiere  h/r^  is  plotted 
against  r^  for  several  values  of  ^mnular  area®  Knowing  the  mean  radius 
and  the  ratio,  ilie  blade  height,  h,  can  now  be  calculated  from 

h - (-|-)  r^  (11-37) 
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e*  Determine  the  Wheel  Speeds  N 

The  rpm  of  the  tarMne  wheel  Is  calculated  from  the  known 
values  of  the  mean  radius  and  the  pitch  line  velocity* 

N - (n-38) 

8.7U  ""a 

The  rpm  can  be  taken  from  Fig*  H-1^,  where  the  mean  radius  is  plotted  against 
pitch  line  velocity  for  several  wheel  speeds* 

f*  Calculate  the  TarbiPB  Viheel  Weight, 

The  effect  of  several  design  variables  on ’turbine  wheel 
weights  has  been  investigated  by  the  KA.CA  (Ref.  II-5)*  The  resulting  re- 
lationship, as  shown  by  this  reference,  can  be  approximated  by: 


or  the  wheel  weight  can  be  calculated  from 


where: 


(11-39) 


weight  of  the  turbine  wheel 

aspect  ratio,  blade  height/blade  width 

2 

annular  area  behind  rotor,  in* 
blade  height,  in* 

a function  of  the  blade  height  to  mean  radius  ratio 


The  values  of  F{h/r^)  are  shown  in  Jig*  II-I6  for  the  following  representative 
design  conditions: 
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0.10  0.20  0.30  O.IiO  o.5o 
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r 

8 

- 0.9 

A 

• 

H 

11 

a 

= 0.3 

K 

- 0.15 

- 510  Ib/f 

- Ib/ft^ 

where ; 


r “ stress  ratio  of  stress  in  the  blade  to  the  stress 
® in  the  dish- 

= blade  solidity  (ratio  of  blade  width  to  the  blade  pitch) 

a = taper  (ratio  of  blade  cross-sectional  area  at  the  tip 
to  the  cross-sectional  area  at  the  root) 


K ■ proportionality  constant  (ratio  of  cross-sectional  area 
at  the  blade  root  to  the  square  of  the  blade  width) 

" weight  density  of  the  disk  material,  Ib/ft^ 

o 

■ weight  density  of  the  blade  material,  Ib/fv 


From  Eq.  (II-UO),  lines  of  constant  h/r^^  ratio  can  be  drawn  as  shown 

in  Fig.  11-17.  On  the  same  graph,  lines  of  constant  annular  area.  A,  are 
shown.  The  equation  of  these  lines  is  given  by; 


or 


A - 2'7Tr  h - 2lTh^ 
m 


(n-Ui) 


h 


A 

2^r 


(II-U2) 


Fig.  11-17 
parameter. 


is  drawn  on  two  sheets  to  facilitate  reading  the  low  values  of  the 

A, 
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• Weight  of  the  TurbinB  Casing,  for  an  Axial  Flow  Turbine 

The  weight  of  the  turbine  casing  can  be  approximated  by  replacing 
the  casing  with  a cylindrical  enclosure  having  the  same  diameter  as  the  tip 
diameter  of  the  t\irbine  idieel.  The  weight  of  this  enclosure  can  be  expressed 
in  terms  of  the  blade-radius  ratio,  annular  area,  and  design  constant  as 
follows; 


or 


where  t 


W • 

C 


"I75T 


+ 


1728  Wp 

1 + ^ 

2r». 

— m _ 

2 

. 1 

h 

2r 

m 

(II-U3) 


(ii-Wi) 


w_  ■ width  of  casing  (assumed),  in© 

d * tip  diameter  at  turbine  wheel  ■ 2 r + h,  in. 

m 

t • thickness  of  turbine  casing  (assumed),  in. 

^ ■ weight  density  of  casing  material  (assumed),  Ib/ff^ 
u 


Eq.  (II-UI;)  is  shown  graphically  in  Fig.  11-18.  Knowing  the  blade-radius 
ratio,  h/r^j^,  a value  for  the  left  member  of  Eq.  (II-Ul;)  can  be  taken  from 

Fig.  II-16,  Since  all  of  the  factors  except  W are  known,  W_  can  be  calculated. 

7.  Combined  Weight  of  Axial  Flow  Turbine  Wheel  and  Casing, 

The  validity  of  the  system  evaluation  will  not  be  materially  impaired 
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if  the  total  weight  of  the  turbine  and  casing  is  determined  as  follows*  The 
weight  of  the  turbine  wheel  is  given  by  Eq.  (II-UO)  and  the  weight  of  the 
casing  is  given  by  Eq.  (11-43).  The  combined  weight,  the  sum  of  the 
two,  can  be  written  as: 


m 


m 


z'T  S 


-.2 


.3/2* 


u . X 


A (11-45) 


1728 


2r_ 


In  order  to  simplify  the  deteimination  of  this  combined  weight,  the  following 
representative  values  are  assigned  to  the  design  parameters: 

6 -3 

t - 0.10  in 

Wp 

r ■ 

K - 490  Ib/ft^ 

V 

By  fixing  these  values,  the  weight  becomes  a function  of  the  area  alone. 

The  ratio  h/r^i^  can  be  used  as  a parameter,  the  value  of  which  can  be  determined 

for  a given  pitch  line  velocity  from  Fig.  II- l4*  The  variation  of  the  weight, 
with  annular  area.  A,  (determined  in  step  5-a),  for  several  values  of 

the  parameter  is  shown  in  Fig.  11-19  which  can  be  used  for  estimating  the 

combined  weight  of  the  turbine  wheel  and  the  casing. 

8.  Wei^t  of  a Radial  Flow  Turbine 

Approximate  formulas  have  been  developed  to  determine  the  weight  of 
a radial  flow  turbine  as  a function  of  wheel  diameter* 

a*  Determine  the  Wheel  Diameter 

For  aircraft  accessory  power  turbines  the  ratio  of  nozzle  area 
A^,  to  the  square  of  the  wheel  diameter,  d,  may  vary  between  0.08  and  0.10, 

(Ref.  II-4).  Using  the  value  of  0.10  for  the  weight  analysis  gives 


A^  (11-46) 


d » 3.16  [ 
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b*  Determine  the  Wheel  Weight 

Assuming  that  the  weight  of  the  wheel  is  equal  to  weight  of 
a solid  cylinder  with  the  same  outside  diameter  but  a smaller  or  average 
equivalent  width,  it  was  found  that  the  wheel  wei^t  is  proportional  to  the 
cube  of  the  diameter.  The  proportionality  constant  was  calculated  for  steel 
wheels  from  available  data  on 'actual  turbines.  The  wei^t  of  a turbine  wheel 
was  found  to  be 


- 0.0182 


c.  Determine  the  Turbine  Casing  Weight 

The  weight  of  the  turbine  casing  can  b e approximated  by- 
replacing  the  casing  wi-bh  a cylindrical  enclosure.  The  diameter  of  this 
enclosure,  d^,  can  be  taken  as  1.5  times  the  -jdieel  diameter  (see  Fig.  II-9) 

while  -the  width,  w^,  can  be  taken  as  0.5  d^.  This  results  in  -the  following 

for  the  casing  weight: 


W. 


^ 

1728 


(II-U8) 


idiere: 


d^  ■ diameter  of  equivalent  cylindrical  enclosure,  in. 

w^  * wid-th  of  equivalent  cylindrical  enclosure,  in. 

t " thickness  of  equivalent  cylindrical  enclosure,  in. 
^ * weight  density  of  material,  ll»/ft^ 


Using  -the  assuiq>tion8 

-1.  5 4 

and  assuming 

t - 0.10  in, 

- h90  Ib/ft^ 
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then 


Wj,  - 0,2 


(II-U9) 


d.  Combined  Weight  of  Turbine  Wheel  and  Casing 

Adding  Eqs,  (II-U?)  and  (U-U9)  gives  the  combined  weight  of 
the  turbine  wheel  and  casing. 


- 0.0182  d^  + 0.2  d^ 


(n-5o) 


Eq»  (n-ii9)  is  shown  graphically  in  Fig.  II-20.  This  figure  can  be  used  to 
obtain  the  approximate  weight  of  a radial  £Low  turbine  having  a tdieel  diameter^  d. 
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Vlheel  Diameter,  d.  In* 
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ANALYSIS  OF  THE  WEIGHT  OF  HYDRAULIC 
POWER  TRANSMISSION  SYSTEMS 
Section  in 


■ A.  Introduction 

A hydraulic  transmission  system  consists  essentially  of  a pump  for 
extracting  power  from  the  engine,  fluid  transmission  lines  for  transmitting 
the  hydraulic  power  to  the  motor,  and  a hydraulic  motor  for  reconversion 
of  the  hydraulic  power  to  mechanical  power.  In  addition,  a resejrvoir  is 
required  for  fluid  storage  and  de-aeration;  an  oil  cooler  must  be  provided 
to  dissipate  the  heat  generated  within  the  system,  and  controls  are  needed 
for  regulating  the  flow  and  pressure  of  the  system.  Such  a system  is  shown 
in  Fig.  III-l. 

The  speed  of  the  motor  is  controlled  by  its  displacement  and  rate  of 
flow.  The  power  output  is  given  by  the  motor  speed  and  the  torque  as 
determined  by  the  pressure  difference  acting  on  the  motor. 

In  this  section,  the  procedures  are  shown  for  determining  the  approxi- 
mate weights  of  two  types  of  systems  which  may  be  used  on  aircraft.  These 
systems  are: 

1.  Constant  flow,  variable  pressure  system 

2.  Constant  pressure,  variable  flow  system 

The  constant  flow,  variable  pressure  system  incorporates  a variable  displace- 
ment pump  and  a constant  displacement  motor.  As  the  engine  speed  changes, 
the  pump  displacement  is  varied  to  maintain  a constant  flow.  Consequently, 
the  power  output  of  the  motor  is  determined  by  the  system  pressure. 

The  content  pressure,  variable  flow  system  utilizes  variable  displacement 
units  for  botn  the  ptimp  and  the  motor.  Under  constant  load  conditions,  the 
pump  displacement  is  altered  to  compensate  for  any  changes  in  engine  speed, 
so  that  a constant  output  load  is  maintained.  A change  in  load  conditions 
tends  to  result  in  a change  in  output  speed.  A speed  or  torque  sensing 
servo-mechanism  alters  the  motor  displacement  to  provide  the  torque  required 
for  restoring  the  speed.  This  change  in  motor  displacement  is  transmitte^d 
to  the  pump  servo-mechanism  to  cause  a similar  change  in  pump  displacement, 
thereby  providing  the  flow  necessary  to  maintain  the  new  motor  load  at  the 
rated  speed. 

The  constant  flow,  variable  pressure  system  is  best  suited  for  single 
load  application  and  can  be  operated  at  constant  motor  sp>eed.  It  is  capable 
of  supplying  a limited  overload  for  short  time  intervals  by  operating  above 
the  rated  pressure  of  the  pnimp  and  motor. 

The  constant  pressure,  variable  flow  system  is  best  suited  to  nniltiioad 
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applications  which  do  not  require  a constant  motor  speed,  but  which  require 
continuous  operation.  Applications  of  tiiis  system  include  fli^t  control 
power  boosts,  fuel  pumps,  etc.  The  system  must  be  designed  for  maximum 
load  requirements,  because  it  cannot  be  operated  above  the  rated  pressure 
of  the  pump  and  motor.  Since  the  units  must  be  larger,  the  system  weight 
is  greater  than  that  of  a constant  flow,  variable  pressure  system. 

For  the  purposes  of  comparison,  an  optimum  hydraulic  system  is  defined 
as  the  lightest  system  capable  of  fulfilling  all  power  requirements  of  the 
design  mission.  The  weight  of  this  system  includes  the  following  items: 

1.  Weight  of  the  system  components  (pump,  motor,  transmission 
lines  and  fluid,  oil  cooler,  reservoir,  etc.) 

2.  Additional  fuel  required  by  engine  to  provide  the  power 
extracted  by  the  hydraulic  pump. 

3.  Additional  fuel  required  by  engine  to  provide  the  power 
required  to  overcome  any  additional  airplane  drag  caused  by 
the  transmission  system. 

1;.  Any  structural  weight  increase  caused  by  the  incorporation 
of  the  system  in  the  airplane. 

In  the  system  analysis  presented  in  this  report  the  first  two  items 
listed  above  are  co3isidered«  Since  the  other  two  items  are  determined 
primarily  by  the  airplane  design  concept,  they  are  introduced  as  constants 
which  have  to  be  evaliiated  before  the  analysis  can  be  carried  out. 

With  design  concepts  introduced  as  constants,  the  weight  of  the  optimum 
hydraulic  transmission  system  is  dependent  upon  factors  influencing  the  losses 
in  the  system.  A large  part  of  the  losses  are  represented  by  the  transmission 
line  losses  as  given  by  the  pressure  drop  in  the  linefs.  If  the  lines  are 
designed  too  small,  the  pressure  drop  will  be  hl^.  The  pun^),  motor  and 
oil  cooler  must  therefore  be  larger  in  order  to  compensate  for  the  increased 
losses.  If  the  lines  are  designed  too  large,  the  losses  will  be  decreased; 
but  the  line  weight  will  be  disproportionately  large.  The'  optimum  system, 
therefore,  is  one  which  has  a pressure  drop  that  results  in  the  minimum 
system  weight. 

A method  is  presented  here  by  which  the  optimum  pressure  drop  for  a 
given  application  can  be  determined.  It  is  based  on  the  assumption  that  the 
flow  in  the  lines  is  turbulent,  and  the  pressure  drop  proportional  to  the 
square  of  the  velocity.  The  pressure  drop  in  the  straight  portions  of  the 
transmission  lines  is  assumed  to  be  small  compared  to  that  in  the  bends  and 
fittings. , 


The  evaluation  of  hydraulic  transmission  systems  can  be  di^ded  into 
four  steps: 

1.  Establishment  of  the  design  conditions  required  for  the  evaluation. 
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These  include  the  mission  profile  of  the  airplane,  the  power  sched- 
ule of  the  accessories,  and  the  approximate  locations  of  the  acces- 
sories within  the  airframe* 

2.  Establishment  of  the  parameters  used  to  describe  the  characteristics 
of  the  system  and  of  the  units  comprising  the  system.  The  charac- 
teristic paraimeters  include  those  describing  the  engine  specific 
fuel  consumption  for  the  power  supplied  to  the  system,  and  those 
describing  the  system  flow  and  energy  requirements  for  the  power 
delivered  by  the  motor.  Other  parameters  are  those  expressing  the 
transmission  line  and  fluid  wei^t  density,  and  pump  and  motor  pa^ 
rameters  which  reflect  design  features  of  these  components. 

3.  Determination  of  the  optimum  pressure  drop.  The  parameters  estab- 
lished in  Step  2 are  utilized  to  determine  graphically  the  optimum 
pressure  drop  for  the  system.  The  curves  expressing  the  optimum 
pressure  drop  in  terms  of  the  characteristic  parameters  were  ob- 
tained by  minimizing  the  total  weight  equation  with  respect  to  the 
pressure  drop.  Separate  curves  are  shown  for  constant  flow-variable 
pressure  systems  and  for  constant  pressure-variable  flow  systems. 

U.  Calculation  of  the  total  system  weight  and  the  weights  of  its  cont- 
ponents.  From  the  optimum  pressure  drop,  the  required  power  out- 
put, and  the  defined  parameters,  the  total  system  weight  is  obtained* 
Equations  are  shown  which  will  give  the  weights  of  the  individual 
components  if  desired. 

fi.  Nomenclature 


A constant  in  Eq.  (m-l5),  representing  the  fixed  weight  of 

constant  flow  variable  pressure  hydraulic  power  transmission 
system,  lb,  defined  by  Eq.  (lII-lU) 

B constant  in  Eq.  (III-15)  defined  by  Eq.  (III-8) 

C constant  defined  by  Eq.  (III-9) 

°PX  thrust  correction  factor  of  engine  due  to  power  extraction 

fuel  flow  correction  factor  due  to  power  extraction 

Cgjj  specific  fuel  consiunption  of  engine  for  the  increment  of  total 

engine  power  which  is  extracted  by  the  power  transmission 
system,  Ib/HP-hr 

D hydraulic  power  transmission  line  diameter,  ft 

Fjj  engine  thrust  at  design  cruise  speed  and  altitude,  lb 

G energy  parameter,  sec  /ft  , defined  by  Eq.  (HI-2) 

H constant  in  Eq.  (III-30)  representing  the  fixed  weight  of 

constant  pressure  variable  flow  hydraulic  power  transmission 
system,  lb,  defined  by  Eq.  (III-29) 
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Nr 
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V 

w 


w, 


CL 


W. 


power  requirements  from  the  system  at  cruise  conditions,  hp 

majdimim  power  required  from  system,  including  overloads,  hp 

power  required  by  accessory  at  its  normal  rating,  hp 

rated  power  of  pump-motor  combination  at  rated  pressure,  hp 

a reference  power  of  the  jet  engine,  arbitrarily  taken  as  10 
per  cent  of  the  jet  power  at  sea  level  static  conditions,  hp 

average  weight  of  control  and  auxiliary  lines  and  fluid,  lb 

velocity  head  loss 

length  of  hydraulic  transmission  lines,  ft 

combined  length  of  control  and  auxiliary  lines,  ft 

parameter  defined  by  Eq<>  IH-27 

rated  speed  of  hydraulic  motor,  l/min 

flow  rate,  ft^/sec 
2 

pressure,  Ib/ft 

2 

maximum  permissible  operating  pressure  of  pump,  Ib/ft 

2 

rated  working  pressure  of  pump,  Ib/ft 

2 

maximum  gage  pressure  of  pump,  Ib/ft 
parameter  defined  by  Eq.  (III-26) 
parameter  defined  by  Eq.  (lH-28) 
duration  of  power  extraction,  hr 
fluid  velocity,  ft/sec 
weight,  lb 

weight  of  oil  cooler,  lb 

weight  of  control  and  auxiliary  lines,  lb 

weight  of  fuel  consumed  by  engine  to  deliver  power  extracted 
by  the  accessory  drive  system,  lb 

engine  fuel  consxunption  rate  at  thrust,  Ib/hr 
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weight  of  hydraulic  power  transmission  lines,  lb 
weight  -of  reservoir,  lb 

Wg  weight  of  pump-motor  combination  which,  when  closely  coupled, 

has  same  power  output  as  that  required  from  system,  lb 

wei^t  of  required  pump-motor  combination,  lb 

Wj^  increment  of  total  aircraft  weight  due  to  additional  structural 

requirements  and  to  the  fuel  required  to  overcome  any  increased 
aerodynamic  drag  chargeable  to  the  transmission  system,  lb 

2 

g acceleration  of  gravity,  32.2  ft/sec 

h ratio  of  weight  of  filled  reservoir  to  weight  of  fluid  in  it 
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ratio  of  weight  of  hydraulic  lines,  including  fittings 
and  clamps,  to  weight  of  tubing  oiiy 

2 

maximum  permissible  working  stress  in  tube  walls,  Ib/ft 
pressure  loss  coefficient 

pressure  loss  coefficient  evaluated  at  cruise  power  output 
conditions 

pressure  loss  coefficient  evaluated  at  maximum  power  output 
conditions 

fraction  of  hydraulic  line  fluid  volume  carried  in  the  reser- 
voir for  fluid  de-aeration,  expansion  and  contraction  purposes 

fraction  of  hydraulic  line  fluid  volume  carried  in  the  reser- 
voir per  hour  of  power  extraction  to  compensate  for  small 
seepage  leaks 

2 

pressure  loss  through  the  transmission  lines,  lb/f+ 
change  in  weight,  lb 

efficiency  of  the  hydraulic  pump,  expressed  as  a decimal 
efficiency  of  the  hydraulic  motor,  expressed  as  a decimal 
efficiency  of  the  transmission  lines,  expressed  as  a decimal 
weight  density,  Ib/fv 
weight  density  of  the  fluid,  Ib/ft^ 

weight  density  of  the  tube  wall  metal,  Ib/ft^ 
total  velocity  head  loss 
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total  weight  of  the  system,  lb 
line  density  parameter,  Ib/fv 

specific  thrust  fuel  consumption  of  engine,  Ib/lb-hr 
flow  .coefficient,  ftvsec 

Required  Design  Information  for  the  Evaluation  of  a Hydraulic  Trans- 
mission System 

To  determine  an  optimum  hydraulic  power  transmission  system  for  a given 
aircraft,  the  following  design  information  is  required: 

1,  From  preliminary  design  data  and  airplane  specification; 

Locations  of  piunps  and  motors  in  the  airplane 

Design  mission  cruising  speed 

Design  mission  cruising  altitude 

Duration  of  power  extraction,  hrs 

HP  Average  power  extracted  from  transmission  system  during  design 

mission  cruise,  hp 

HP  Maximum  power,  including  overloads,  extracted  from  drive  sys- 

™ terao  This  includes  overloads  due  to  electrical  system  faults,  hp 

2«  From  the  engine  manufacturers*  performance  specification; 

F Engine  thrust  at  design  mission  cruising  speed  and  cruising 

altitude,  lbs 

Wj  Fuel  consumption  rate  at  thrust,  F^,  Ib/hr 

CpY  Thrust  correction  factor  of  engine  due  to  power  extraction, 

(see  Ref.  III-l) 

C'  Fuel  flow  correction  factor  due  to  power  extraction,  (see 

^ Ref.  III-l) 

HP^g^  A reference  horsepower,  arbitrarily  taken  as  10  per  cent  of 
the  jet  horsepower  at  sea  level  static  conditions  (see 
Ref.  III-l)  This  rating  is  used  as  a base  for  comparing 
engine  performance  at  any  operational  condition,  hp 

3o  From  the  pump  and  motor  manufacturers'  data; 

HP^  Rated  power  of  units  at  rated  pressure,  hp 
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2 

Maximum  allowable  working  pressure  of  units,  Ib/ft 

2 

Maximum  gage  pressure  of  units,  Ib/ft 

This  pressure  is  the  maximum  working  pressure  plus  any  super- 
charge pressure  used  in  a pressurized  system 

2 

Rated  pressure  of  units,  Ib/ft 
Pump  efficiency 
Motor  efficiency 

Rated  speed  of  hydraulic  motor,  rpm 


Uo  From  miscellaneous  sources; 

hydraulic  fluid,  Ib/ft^ 

O 

hydraulic  line  material,  Ibs/ft"^ 

2 

line  material,  Ib/ft 

tensile  stress  divided  by  the  required 


be  estimated  from  the  design  information: 

L Length  of  the  transmission  lines,  ft 

This  should  be  estimated  as  closely  as  possible  from  the  airplane 
configuration  and  the  location  of  the  system  components  within 
the  airframe,  keeping  in  mind  the  need  of  clearing  the  major 
structural  and  functional  components  of  the  airplaneo 

L_  Total  length  of  auxiliary  and  control  lines,  ft 

Number  of  bends  and  fittings  in  each  line  - The  general  line 
configuration  will  be  an  indication  of  the  number  and  types  of 
fittings  required. 

Z^K  The  total  number  of  velocity  heads  lost  in  the  transmission 

line.  This  is  a function  of  the  total  line  length,  the  number 
of  bends,  elbows  and  other  fittings,  and  is  influenced  by  the 
Reynolds  Number  of  the  flow  in  the  transmission  line.  Since 
ZJK  will  vary  for  each  airplane  model,  it  must  be  evaluated  in- 
dividually for  each  particular  model  and  no  estimate  of  ZTK  can 
be  given  here.  Table  III-l  shows  representative  K values  for 
some  hydraulic  fitting  configurations  at  various  Reynolds  Wcmbers, 
and  may  be  used  as  a guide  in  estimating  the  value  of  the  total 
velocity  head  loss,  ZTK,  Further  data  will  be  found  in  Refs,  III-2, 
and  III-3,  As  a check  on  the  validity  of  the  assumed  values 


Weight  density  of 

Weight  density  of 

Working  stress  of 
This  is  the  rated 
safety  factor 

5,  Estimated  Data: 

» - I "•«  I I I 

The  following  data  must 
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TABU  III-l 

REPFatSEMTATIVE  K VALDES  FOR  TARI0P3  HTIIIADLIC  TPU  FITTIMDS 


AK-821  Alt^24  Tm  AII-827  Cross 

Blboir  90*  Flow  90*  Flow 


RsTnolds 

Boabor 


200 

500  3.0 

1.000  2.U 

2.000  2.1 

5,000  l.U 

10,000  and  «p  1.0 


«Busd  «B  TarbalsnA  Flaw  sad  Tsloeltp  1. 

m 
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of ZT  K,  the  line  pressure  drop  should  be  recalculated  after  the 
line  diameter  and  the  fluid  velocity  have  been  determined  from 
Eqs.  (in-11)  and  (in-13),  and  the  range  of  Reynolds  Numbers 
checked.  If  the  discrepancy  is  large,  a new  value  ofZTK 
should  be  determined. 

Fraction,  added  to  the  tube  wei^t,  to  account  for  the  a4» 
ditional  leight  of  tube  fittings  and  clips.  It  is  the  ratio 
of  the  tvihe  fitting  and  clip  weight  to  the  bare  tube  weight. 

It  can  be  estimated  or  obtained  by  a survey  of  hydraulic  sys- 
tems in  existing  aircraft. 

Fraction  of  the  line  fluid  volume  idiich  corresponds  to  the 
reservoir  volume  that  is  provided  for  fluid  de-aeration,  ex- 
pansion, and  contraction. 

Fraction  of  line  volume  to  be  carried  in  the  reservoir  for 
every  hour  of  power  extraction  to  compensate  for  small  seepage 
leaks. 

oCand_/y  should  be  so  proportioned  as  to  give  a reservoir  of 
reasonable  size  when  considered  in  the  light  of  current  air- 
craft practice. 

Ratio  of  total  reservoir  weight  to  the  weight  of  the  fluid 
stored  in  it. 


D.  Evaluation  of  Design  Parameters 

In  the  course  of  the  minimum  wei^t  analysis  a number  of  parameters  were 
introduced  for  the  convenience  of  later  applications  and  graphical  presenta- 
tion. In  this  paragraph,  these  parameters  are  enumerated  and  explained, 
where  possible,  in  physical  terms.  It  sho\ild  be  kept  in  mind  that  the 
primary  purpose  of  introducing  these  parameters  was  to  write  the  analytical 
relations  in  a simpler  form,  particularly  s\xited  for  graphical  presentation. 


In  applying  these  parameters,  they  must  be  evaluated  for  the  data  of 
the  design  point  (cruising  and/or  maximum  conditions).  If  they  are  meant  to 
refer  to  overload,  or  maximum  power  conditions,  the  subscript  'm*  is  used. 


egt 


550  HP^ 
n 

w 


1. 


2. 


The  Flow  Parameter, _n.,  ft^/sec,  represents  a rate  of  flow,  and  is 
expreesed  by 


n 


m 


550  HP„ 
m 

7^ 


(ni-1) 


2 2 

The  Pressure  Loss  Parameter,  G,  sec  /ft  , represents  the  pressure 
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losses  per  unit  velocity.  It  is  given  by, 

8 


m ^2 


g P_ 


n 


3.  Line  Density  Parameter,  0,  Ib/ft^,  represents  the  specific  weight 
of  the  line  and  the  fluid  enclosed  by  it.  It  is  represented  by  the 
equation 

. Tf  P,  « -)(x  * ^ 


0 


(ni-3) 


2s 


U.  Specific  Ihrust  Fuel  Consumption,*/^,  Ib/hr/lb,  is  the  rate  of 
change  of  engine  fuel  consumption  per  unit  thrust  at  the  design 
mission  cniising  speed  and  altitude.  It  is  defined  by 


5. 


(m-li) 


This  parameter  is  evaluated  as  the  tangent  to  the  curve  of  the 
specific  thrust  fuel  consumption  at  the  specified  thrust  output. 

Fig.  III-2  shows  graphically  the  procedure  involved. 

Specific  Transmission  Fuel  Consumption.  Ib/HP-hr,  is  the 

increment  of  fuel  consumed  per  hour  by  the  engine,  due  to  a unit 
of  power  extracted  by  the  power  transmission  system.  It  is  obtained 
by  correcting  the  fuel  consumption  to  maintain  the  normal  cruise 
thrust  output  of  the  engine  at  the  required  level. 


C" 


PX 


HP. 


ref 


(III-5) 


6.  Power  Units  Weight  Factor.  dW^/dHP^,  Ib/HP,  represents  the  weight 

per  horsepower  for  a hydraulic  pump  and  motor  combination  without 
transmission  lines.  This  is  obtained  as  the  slope  of  the  plot  of 
the  pump-motor  weight  as  a function  of  maximum  power  output.  During 
this  investigation  a correlation  of  weight  and  power  parameters 
was  made  for  units  meeting  the  requirements  of  Ref.  III-3.  The 
equation  obtained  from  this  correlation  was  then  modified  to 
reflect  the  weight  of  pump  and  motors  in  combination,  allowing  for 
additional  weight  increments  for  variable  volume  and  supercharging 
features,  as  well  as  other  auxiliaries.  The  resulting  equation, 
for  pump-motor  combinations  operating  a t a 3000  to  6000  rpm  input 
speed  range,  and  constant  6000  rpm  output  speed,  is 


dW 

s 

dSF 


m 


N 


2/3 


68,lliO 


(III-6) 


HP 


1/3 


m 
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(a)  Engine  Fuel  Consumption  Data  As  Presented  in 
Engine  Manufacturer’s  Specification 


(b)  Fuel  Consumption  Curve  Replotted  from  (a) 
showing  Method  of  Obtaining 


wapc-tr  53-36 

Part  1 


Figure  III-2 


Method  of 
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If  no  other  data  on  weights  of  pumps  and  motors  are  available, 

Eq.  (m-6)  ma7  be  used  for  an  approximation.  The  change  in 
weight  of  these  pump-motor  combinations  with  change  in  power 
output  is  shown  graphicallj  in  Pig.  Ill -3*  ^are  should  be  used 
to  evaluate  dW at  the  design  point, 

E,  Evaluation  of  a Constant  Plow  Variable  Pressure  System 

The  constant  flow,  variable  pressure  hydraulic  transmission  system 
utilizes  a variable  displacement  pump  and  a constant  displacement  motor. 

If  the  engine  speed  changes,  the  variable  pump  displacement  adjusts  itself 
so  that  the  flow  remains  constant.  Since  the  flow  is  constant,  the  resulting 
pressure  loss  in  the  line  is  constant. 

The  power  output  of  the  motor  is  detennined  by  the  acting  pressure  dif- 
ference, As  the  load  increases,  the  system  pressure  increases.  The  maximum 
power  output  of  the  system  depends  upon  the  maximum  permissible  system 
pressure. 

The  transmission  line  pressure  drop  represents  only  a small  portion  of 
the  total  system  pressure  at  maximum  power  output.  However,  as  the  power 
output  decreases,  the  system  pressure  decreases,  until  at  zero  power  output 
the  system  pressure  is  just  sufficient  to  overcome  the  line  resistance. 

Fig,  III-U  is  a diagram  of  the  pressure-power  output  relationship  for  such 
a system,  where  the  maximiom  horsepower,  HP^,  is  twice  the  rated  horsepower, 

HP,  It  may  be  seen  that  for  a given  design  point,  the  slope  of  the  pressure 
vs  power  curve  is  determined  by  the  pressure  drop,  ,^P.  If^P  is  too  large, 
an  inefficient  system  results.  If  ^P  is  too  small,  the  installed  weight 
is  unnecessarily  high.  The  lightest  system  has  the  optimum  pressure  drop. 

In  the  following,  the  procedure  will  be  outlined  for  obtaining  the 
optimum  wei^t  of  the  pump-transmission  line-motor  combination  including  the 
required  aiixiliailes,  in  terms  of  the  horsepower  rating,  the  diameter  and 
wall  thickness  of  the  transmission  line,  all  based  on  the  given  aircraft 
configuration,  mission  profile,  and  accessory  power  schedule. 

The  weight  of  the  system  to  be  optimized  consists  of  the  wei^t  of  the 
pump-motor  combination.  Including  governor  equipment,  W^,  the  wei^ts  of  the 

oil  cooler,  W^,  the  transmission  line,  Wj^,  the  reservoir,  VI^,  and  the  i&* 

crement  of  total  aircraft  weight  due  to  the  additional  structural  requirements 
and  to  the  fuel  required  to  overcome  any  increased  aerodynamic  drag  chargeable 
to  the  system,  Vl^,  With  the  exception  of  the  last  item,  iMch  is  considered 

to  be  a constant  for  any  type  system,  the  weights  of  the  above  con^jonents  in 
tenns  of  the  system  parameters  are  shown  in  Eqs,  (III-I6)  to  (III-21), 

1,  Determination  of  the  Optimum  Transmission  Line  Losses 

The  system  weight  is  required  to  be  a minimum,  and  the  optimum  pres- 
sure loss  in  the  transmission  lines  connected  with  this  minimum  is  to  be 
determined.  This  was  done  mathematically  by  optimizing  the  total  weight 

equation  (shown  in  Part  2)  with  regard  to  a quantity,  x*,  which  is  the  square 
root  of  the  pressure  loss  written  as  a fraction  of  the  working  pun?) 
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Fig.  in-U  GENERAL  RELATIONSHIP  BETWEEN  PRESSURE  AND  POWER 
OUTPUT  OF  A CONSTANT  FLOW,  VARIABLE  PRESSURE  HYDRAULIC  POWER 
TRANSMISSION  SYSTEM 


For  two  typical  cases.  Curve  1 represents  the  relationships 
for  a system  designed  for  maximum  power  at  maximum  pressure. 
Curve  2 represents  those  for  a design  power  at  rated  pressure, 
and  <AP»  represent  the  respective  line  pressure  drops 


for  the  two  cases. 

Legend 

HP-  Maximum  power 
m 

HP^  - Design,  or  rated  power 
HP^^-  Cruise  power  requirements 


P - Maximum  permissible 

operating  pressure  of  pump 
and  motor 

P - Rated  Operating  pressure 
of  pump  and  motor 
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pressure,  The  quantity  x*  was  introduced  for  the  convenience  of 

calculation,  and  is  called  the  pressure  loss  coefficient. 


(III-7) 


The  condition  for  minimum  weight  as  obtained  from  optimizing  the  to- 
tal weight  equation  with  respect  to  the  pressure  loss  coefficient  x*  is 


2 B 
C 


1 - 3 X 


■ft- 


(III-8) 


where 

B is  representative  of  specific  pump  and  motor  unit  weight, 
oil  cooler  weight  and  fuel  weight  due  to  transmission  line 
losses 


and 


d*W 


m 


, 0.385  , V 


(III-9) 


C is  representative  of  the  weights  of  transmission  lines  and 
reservoir 


C 


(oc*^P)  L2^ 

^ 


(III-IO) 


The  relationship  expressed  by  Eq.  (III-8)  is  shown  graphically  in 
Fig.  III-5.  The  values  of  B and  C are  determined  first  from  the  avail- 
able data  on  aircraft  configuration,  mission,  engine  characteristics,  etc. 
Then  x*  is  found  for  the  corresponding  value  of  2B/C.  From  x*,  the  pres- 
sure drop  is  found,  see  Eq.  (III-IO). 


Having  determined  the  optimum  transmission  line  pressure  loss,  the 
line  diameter,  fluid  flow  rate,  and  fluid  velocity  can  be  calculated. 


The  line  diameter  is  a function  of  and  is  given  by  the  equation 


lA  AJ./2 


f*  71  5T2 

X (1  - x^ 

L m m 

i 

(III-ll) 


The  fluid  flow  rate  within  the  system  is  found  from  the  equation 

(in-12) 


m 


1 - X 


m 
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Tbe  fluid  'vdlooitT'  in  the  transmission  lines  is 

V « — S — (ni-13) 

Bi 

From  the  line  diameter,  the  fluid  velocity,  and  the  viscosity  of  the 
hydraulic  fluid  used,  the  Reynolds  Number  can  be  obtained  and  the  value  of 
can  be  checked  for  conformance  with  the  value  obtained  on  the  basis  of 
an  assumed  Reynolds  Number.  If  the  discrepancy  is  large,  a new  value  of 
iE(.K  should  be  assumed  and  the  foregoing  calculations  repeated, 

2,  Total  Weight  of  the  System 

The  total  weight  of  the  system  may  be  considered  to  be  comprised 
of  three  components s a fixed  wei^t.  A,  which  represents  the  weight  of  the 
system  without  the  transmission  lines  and  reservoir  and  the  variable  weights 
represented  by  B and  C as  shown  by  Eqs,  (III-8)  and  (III-9),  respectively. 

The  fixed  weight  of  A is  defined  by  the  equation 


0.385  HP, 


A -W.  ♦ 


(m-iU) 


where: 


W ■ wei^t  of  the  pump^motor  combination  which,  when 

closely  coupled  (transmission  line  of  zero  length) 

has  the  same  power  output  as  that  required  from  the 

system.  W is  to  be  taken  at  the  point  at  which  diff  /dHP 
8 s m 

was  deteirmined. 


HP  • power  required  by  the  driven  accessories  at  their  rated 
output 


W__*  weight  of  control  and  auxiliary  lines.  This  may  be 

estimated  from  the  line  lengths  and  the  unit  weight  of 
each  line  size  involved. 


The  total  weight  of  the  system  can  then  be  expressed  as 


W - A + B HP 
m 


+ C 


* /I  *2a 


(in-i5) 


3*  Weights  of  System  Components 

ihe  weights  of  the  system  components  maybe  calculated  individually 
from  the  equations  given  below.  The  derivation  of  these  equations  will  be 
given  in  Part  2 of  this  report, 
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a*  Pump-Motor  Wel^t 


The  weight  of  the  pump-motor  combination  is  assumed  to  include 
the  servo  \inits  required  to  vary  the  pump  displacement.  The  weight  is  given 
by 


W - W ♦ 
u s 


(M 

£ 

dHP 


HP 


* 

X 

m 


m 


m 


* 


(III-16) 


b«  Oil  Cooler  Weight 


The  oil  cooler  wei^t  is  assumed  to  meet  the  requirements  of 
Ref.III-U.  It  is  further  assumed  that  overloads  will  be  of  very  short  duration, 
and,  therefore,  no  additional  cooling  capacity  will  be  required  for  them* 
However,  the  system  should  be  capable  of  running  continually  at  the  full 
rated  power  of  the  driven  accessories  without  undue  heating*  The  oil 
cooler  weight  is  approximated  by  the  following  equation,  obtained  from  a 
curve  fitted  to  the  weights  and  face  areas  of  round  tubular  air  cooled 
oil  coolers* 


W 

c 


0*38^ 


+ 2 


(in-17) 


where: 


HP^  ” rated  power  required  by  the  driven  accessories 


c*  Transmission  Line  Weight 


by 


The  weight  of  the  hydraulic  power  transmission  lines  is  given 


W, 


)Z5  L G 


m 


m 


X-  (1  - X J 


(III-18) 


m 


m' 


d.  Reservoir  Weight 


The  reservoir  weight  is  assumed  roughly  proportional  to  its 
capacity*  This  in  turn  is  proportional  to  the  line  capacity,  the  design  cruise 
power,  and  the  duration  of  power  extraction*  On  this  basis  the  weight  is 


W 

r 


<jT L (0C+/3^ 


* /_  -5?-.  V 

4 X (1  - X ) 
m ' ra 


(III-19) 
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The  weight  of  the  fuel  consumed  1:^  the  engine  in  generating  the 
power  extracted  the  transmission  system  is  based  on  the  design  mis- 
sion cruise  power  output  only.  The  fuel  weight  is  , 


C«py'E'hP 
PX  cr 


^ ^a 


T 


(III-20) 


f. 


1 - X 

Weight  of  Control  and  Auxiliary  Lines 


The  weight  of  control  and  auxiliary  lines  is  considered  to  be 
unaffected  by  the  system  efficiency,  and  is  shown  as 


W, 


CL 


JL„ 


(III-21) 


where; 


J = the  average  weight  of  control  lines  per  unit  length 
“ total  length  of  control  lines 

F.  Evaluation  of  Constant  Pressure  Variable  Flow  System 


A constant  pressure,  variable  flow  hydraulic  system  is  one  in  which  the 
transmission  line  pressure  remains  constant  and  the  flow  is  varied  in  accord- 
ance with  the  accessory  demand.  The  output  speed  is  not  constant  if  fixed 
displacement  motors  are  \ised,  but  it  can  be  made  nearly  constant  with  vari- 
able displacement  motors,  particularly  if  units  with  linear  torque-displace- 
ment characteristics  are  xised. 


Since  the  pressure  is  constant  in  this  type  system,  the  power  output  is 
a function  of  the  system  flow.  Fig.  III-6  is  a graphical  representation  of 
the  rate  of, flow  vs  power.  It  may  be  noted  that  the  power  output  increases 
as  the  flow  increases,  up  to  a maximum  value.  At  this  maximum  power,  the  pres- 


ware  loss  equals  one  third  of  the  pump  working  pressure  (AP  = ^),  which  can 

t/o 

be  readily  shown  by  optimizing  HP  “ (P  - AP)  (a  P /k)"^  with  regard  to  A P. 

Any  increase  in  flow  beyond  this  value  causes  a decrease  in  power  output,  due 
to  the  rapid  increase  in  the  pressure  drop.  Ultimately  the  flow  becomes  so 
great  that  the  pressure  energy  of  the  fluid  is  completely  dissipated  in  over- 
coming the  fluid  friction,  and  no  power  is  available  for  driving  the  accessor- 
ies. 


the  flow  at  the  maximum  power  output  must  be  limited  to  such  a value  that 
the  pressure  drop  does  not  exceed  one  third  of  the  pump  working  pressure.  The 
flow  at  design  ciruise  power  output  is,  therefore,  a function  of  the  maximum 
power  as  well  as  of  the  cruise  power. 

The  constant  pressure  variable  flow  system  must  be  designed  to  provide 
maximum  power  output  at  rated  pump  pressure.  The  flow  and  energy  parameters 
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given  by  Eqs.  (III-3)  and  (III-2)  must  also  be  evaluated  at  rated  pressure. 

The  pump  and  motor  must  be  capable  of  handling  the  maximum  flow  requirement. 
Thus,  the  weight  parameter  given  by  Eq.  (III-3)  is  calculated  for  rated  pump 
and  motor  pressures. 

1.  Optimum  Transmission  Line  Losses 

The  procedure  for  minimizing  the  weight  of  a constant  pressure 
variable  flow  system  is  similar  to  that  explained  for  a constant  flow 
variable  pressure  system.  However,  varying  the  flow  instead  of  the  pres- 
sure results  in  a somewhat  different  expression  for  the  optimum  trans- 
mission line  losses.  The  result  and  its  derivation  is  given  in  detail 
in  Part  2« 

The  optimum  losses  are  most  readily  found  graphically  after  the  de- 
termination of  tile  following  parameters: 


R is  representative  of  the  pump,  motor  qnd  oil  cooler  weight  changes 
due  to  trajismission  line  losses. 


'^u  ^ 0.192g 

^ 


(III-22) 


M is  representative  of  the  fuel  weight  increment  required  due  to 
transmission  line  losses. 


M = 


(III-23) 


S is  representative  of  line  and  reservoir  weights. 


S =•  0 + (oi  +/6V)  L 


HP 


(III-2U) 


HP 


ra 


hF 


I—  = ratio  of  maximum  power  requirement  to  cruise  power  require- 


cr 

R 

ST 


ment 


“ ratio  of  parameter  R to  parameter  M 


S _ 


= ratio  of  parameter  S to  parameter  M 


(III-25) 

(m-26) 

(III-27) 


Having  determlnea  une  parameter  ratios  listed  in  Eqs.  (III-25)  to 
(III-27)  the  value  of  x*  is  obtained  from  the  curves  shown  on  Figs.  III-7 
to  III-IO,  inclusive.  The  prdper  curve  is  selected  in  accordance  with 
HP 


the 


m 


ratio. 


cr 


HP 


If  the  ratio  lies  between  two  integral  ratios  of 
of  X*  is  determined  by  interpolation. 


m 


HP. 


the  value 


cr 
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The  value  of  x*  is  found  on  the  abscissa  scale  directly  below  the 
R S 

intersection  of  the  w and  r;  parameter  ctirves, 

2 

A p 

Since  x “ and  the  system  operates  constantly  at  the  rated  pump 

pressure,  the  optimum  pressure  drop  for  cruise  power  conditions  can  now  be 
determined* 

The  pressure  drop  coefficient,  , at  maximum  power  conditions  is 

determined  from  Fig#  III-U,  reading  up  from  the  x - value  to  the  proper 

HP  ^ 

m curve,  and  then  directly  to  x_  on  the  ordinate#  The  pressure  drop 

HP  “ 

cr 

at  maximum  power  conditions  is  then  calculated  as  before* 

The  equations  ^diose  solutions  are  represented  graphically  in  Figs*  II 1-6 
to  HI-IO  are  derived  in  Part  2 of  this  report* 

The  line  diameter,  flow  rate,  and  fluid  velocity  may  be  determined  from 

Eqs*  (III-13)  and  (III-li^),  evaluating n.,  G,  and  x*  at  the  proper  design 
values*  The  validity  of  the  assumed  value  of  2TK  can  then  be  checked,  as 
outlined  previously, 

2*  Total  Weight  of  a Constant  Pressure  Variable  Flow  Hydraulic  Power 
Transmission  System 

The  weight  of  the  system  may  be  expressed  similarly  to  that  of  the 
constant  flow  variable  pressure  system*  In  this  instance,  however,  there 
is  a fixed  weight,  H,  plus  three  incremental  weights*  The  fixed  weight 
represents  the  weight  of  a system  without  a reservoir  or  transmission  line* 
The  incremental  w ei^t  represents  that  of  the  lines  and  reservoir,  as  well 
as  the  added  weight  due  to  the  line  losses* 

Let  the  fixed  weight  be  represented  by  the  symbol  H* 


Then 

dW 

- 0-W25  HP  ♦ a <■  01  * w 
m ^ 


(III-28) 


where 


Wg  is  evaluated  at  maximum  power  and  rated  pump  pressure^ 

The  total weight  of  the  system  is  expressed  by 

HP 

W - H + E + M y + S £L_  (m-29) 

1 -1  * * /-.  * N 

1-^cr  *cr(^“^cr) 
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The  TOlue  of  x*  is  found  on  the  abscissa  scale  directly  below  the 

intersection  of  the  | and  | parameter  curves, 

2 

Since  x*  ■ ^r»  system  operates  constantly  at  the  rated  pump 

pressure,  the  optimum  pressure  drop  for  cruise  power  conditions  can  now  be 
determined. 

The  pressure  drop  coefficient,  , at  maximum  power  conditions  is 

determined  from  Fig.  III-U,  reading  up  from  the  x*^.  - value  to  the  proper 
^m  cxirve,  and  then  directly  to  x*  on  the  ordinate.  The  pressure  drop 

''WZ 

cz* 

at  maximum  power  conditions  is  then  calculated  as  before. 

The  equations  whose  solutions  are  represented  graphically  in  Figs,  II 1-6 
to  III- 10  are  derived  in  Part  2 of  this  report. 

The  line  diameter,  flow  rate,  and  fluid  velocity  may  be  determined  from 

Eqs.  (III-13)  and  ( II I-lii),  evaluating il,  G,  and  x*  at  the  proper  design 
values.  The  validity  of  the  assumed  value  of 2TK  can  then  be  checked,  as 
outlined  previously, 

2,  Total  Weight  of  a Constant  Pressure  Variable  Flow  Hydraulic  Power 
Transmission  System 

The  weight  of  the  system  may  be  expressed  similarly  to  that  of  the 
constant  flow  variable  pressure  system.  In  this  instance,  however,  there 
is  a fixed  weight,  H,  plus  three  incremental  weights.  The  fixed  weight 
represents  the  weight  of  a system  without  a reservoir  or  transmission  line. 

The  incremental  weight  represents  that  of  the  lines  and  reservoir,  as  well 
as  the  added  weight  due  to  the  line  losses. 

Let  the  fixed  weight  be  represented  by  the  symbol  H, 

Then 

dW 

di|-  “■«  - 0-W25  * 2 * JI3  • (III-28) 


where 

Wg  is  evaluated  at  maximum  power  and  rated  pump  pressure.- 
The  total weight  of  the  system  is  expressed  by 


HP 


W - H + E 


m 


HP 


+ M 


cr 


HP 


+ S 


1 - 


1 - X 


cr 


cr 


*cr^^  - ^cr> 
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• Weights  of  the  System  Components 

The  equations  for  the  weights  of  the  individual  components  of  a con- 
stant pressure,  variable  flow  system  are  the  same  as  those  for  a constant 
flow  variable  pressure  system,  with  the  exception  of  the  equation  for  the 
oil  cooler. 


The  equations  for  the  weights  of  the  system  components  are  summarized 
below. 


a.  Pump-Motor  Combination 


W 

u 


W 

s 


dW 

+ _2_ 
dHP 
m 


HP 


m 


(III- 30) 


The  oil  cooler  weight  is  based  on  a heat  rejection  of  one  half  the 
losses  at  maximum  power.  This  assumption  is  valid  for  most  practical  pur- 
poses. However,  if  the  rated  input  of  the  accessories  is  greater  than 
one-half  the  maximum  design  power,  the  oil  cooler  size  should  be  increased 
to  handle  the  additional  load. 


b.  Oil  Cooler  Weight 


W = 0.1925  HP 
c m 


7a  7b 


(III-  31) 


c.  Transmission  Line  Weight 


W, 


0L 

X*  (1  - xf) 

m m 


(III- 32) 


d.  Reservoir  Weight 


^ , ?no<  */3t)  L h 

r 2 

h X*  (1  - X*  ) 

m m 


Fuel  Weight 


M HP 


W. 


cr 

T 


1 - X 


cr 


(III-  33) 


(III-3I1) 
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Control  and  Auxiliary  Line  Weight 

The  weights  of  the  control  lines  and  auxiliary  lines  are  eonsldend 
to  be  constant  for  relatlYely  small  changes  in  power  output  of  the 
system.  Their  weight  siay  he  represented  as: 


J L, 


where 


■ weight  of  control  and  auxiliary  lines 
J > average  unit  wei^t  of  the  lines 
Im  * total  length  of  the  lines 
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ANALYSIS  OF  THE  WEIGHT  OF  AN  ELECTRICAL 
POWER  TRANSMISSION  SYSTEM 


Section  TV 


A.  Introdnction 

An  electric  transmission  system  consists  essentially  of  a generator  or 
alternator  for  extracting  power  from  the  engine,  electric  transmission 
cables  for  transmitting  the  electric  power  to  the  motor,  and  an  electric 
motor  for  reconversion  of  the  electric. power  into  mechanical  power.  In 
addition,  a constant  speed  drive  is  required  if  constant  frequency  output 
is  desiredj  an  oil  cooler  must  be  provided  to  dissipate  the  heat  generated 
by  mechanical  losses  (oil  used  as  cooling  medium)  and  controls  are  needed 
for  current  control.  Such  a system  is  shown  in  Fig.  IV-1.  For  most,  aircraft 
applications,  the  electric  transmission  system  is  interconnected  with  the 
electric  distribution  system.  This  is  shown  in  Fig.  IV-2. 

For  purposes  of  comparison,  an  optimum  electric  system  is  defined.  This 
is  the  lightest  system  capable  of  ftilfilling  all  power  requirements  of  the 
design  mission.  Hie  weight  of  the  system  includes  the  following  items: 

1.  Wei^t  of  the  system  components,  (generator,  motor,  transmission 
lines,  control  equipment,  fuses,  etc.)» 

2.  Additional  fuel  required  by  engine  to  provide  the  power  extracted 
by  the  generator  or  alternator* 

3.  Additional  fuel  required  by  engine  to  provide  power  required  to 
overcome  any  additional  drag  caused  by  the  transmission  system* 

U*  Any  structural  weight  increase  caused  by  the  incorporation  of  the 
system  into  the  airplane* 

In  the  system  analysis  presented  in  this  report  the  first  two  items 
listed  above  are  considered  in  detail*  The  other  two  items  are  determined 
primarily  by  the  airplane  design  concept.  They  are  introduced  here  as 
constants  which  have  to  be  evaluated  before  Idle  analysis  can  be  carried  out* 

With  the  design  concepts  introduced  as  constants,  the  weight  of  the 
electric  transmission  system  is  dependent  upon  factors  influencing  the 
losses  in  the  system.  A large  part  of  these  losses  are  represented  by  the 
transmission  line  losses  as  given  by  the  voltage  drop  along  the  lines.  If 
the  cables  chosen  are  too  small,  the  voltage  drop  will  be  high  and  the 
generator  must  have  a larger  capacity  since  it  must  supply  more  power  to 
overcome  these  losses.  If  the  cables  are  chosen  too  large,  the  losses  will 
decrease,  but  the  cable  wei^t  will  be  disproportionately  large.  The  optimum 
system,  therefore,  is  one  which  has  a voltage  drop  that  results  in  the  Tninitnntn 
system  weight* 
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Fig.  IV-2  ELECTRIC  POWER  SYSTEM 
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If  the  electric  transmission  system  is  interconnected  with  the 
distribution  system,  the  maximum  allowable  voltage  drop  is  dictated  by 
the  allowable  regulation  at  the  load.  In  addition  to  this,  the  total 
voltage  drop  along  the  cables  is  limited  by  the  heat  dissipating  capacity 
of  the  cable.  That  is,  the  maximum  allowable  voltage  drop  per  iinit  length 
is  prescribed  for  the  several  cables  used  for  aircraft  application.  The 
voltage  drop  used  for  the  system  design  cannot  exceed  the  limits  imposed  by 
these  restrictions.  In  some  cases,  a voltage  drop  smaller  than  the  maximum 
allowable  may  be  desirable  from  a system  weight  viewpoint. 

In  this  section  the  procedures  are  outlined  for  determining  the  weights 
of  electric  systems  which  may  be  used  in  aircraft.  These  systems  are  il- 
lustrated in  RLg.  IV-3.  They  are: 

1.  Two  wire  d-c  system 

2.  Grounded  d-c  system 

3.  One  phase,  two  wire  a-c  system 

I4.  One  phase,  grounded  a-c  system 

5.  Three  phase,  grounded  a-c  system 

The  most  commonly  used  systems  are  the  28  volt  direct  current  system  and 
the  200/115  volt  3 phase  alternating  current  system. 

B.  Nomenclattrre 

2 

A cross-sectional  area  of  conductor  - ft 
Cpj  thrust  correction  factor 

fuel  flow  correction  factor 
E voltage,  volt 

thrust  of  engine,  lb 
HP  horsepower 

I current,  amp 

L length  of  cable,  ft 

N rated  speed,  rpm 

P povrer,  watt 

T torque,  ft-lb 

W weight,  lb 
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DC-SYSTEMS 
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2“Wire  System 


Grounded  System 
(1  wire) 


AC- SYSTEMS 


1 Phase,  2-Wire  System 


1 Phase,  Grounded  System 
(1  wire) 


3 Phcise,  Neutral  Grounded 


Fig,  IV-3  SCHEMATIC  DIAGRAM  OF  ELECTRIC  POWER  SYSTEMS 
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number  of  cables 
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n 


c 

pf  power  factor 

^ combined  specific  weight  density  of  cable, 

^ efficiency,  per  cent 
^ resistivity,  ohm-ft 
'V'  time,  hr 
W total  weight,  lb 
voltage  drop,  volt 

Subscripts 

c power  control 
cs  constant  speed 
F fuel 

g generator  or  alternator 
GB  gear  box 
m motor 
o output 
r rated 

C.  Required  Design  Information  for  the  Evaluation  of  an  Electric  Trans- 
mission System 

To  determine  the  optimum  electric  power  transmission  system  for  a 
given  aircraft,  the  following  design  information  is  required; 

1,  From  preliminary  design  data  and  airplane  specification 

Locations  of  generator  or  alternator  and  motors  in  the  airplane 

Design  mission  cruising  speed 

Design  mission  cruising  altitude 

Duration  of  power  extraction,  hr 
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P Average  power  extracted  from  transmission  system  during 

° design  mission 

Rated  power,  extracted  from  drive  system 

2«  From  the  engine  manufacturers*  performance  specification 

F Engine  thrust  at  design  mission  cruising  speed  and  cruising 

^ altitude,  lb 

Fuel  consumption  rate  at  thrust,  F^,  Ib/hr 

Thrust  correction  factor  of  engine  due  to  power  extraction 
(See  Ref.  Iv-1) 

Fuel  flow  correction  factor  (See  Ref.  IV-l) 

HP^g^  A reference  horsepower,  arbitrarily  taken  as  10  ^r  cent 
of  the  jet  horsepower  at  sea  level  static  conditions  (see 
Ref.  IV-1),  This  rating  is  used  as  a base  for  comparing 
engine  performance  at  any  operation  condition,  HP. 


From  the  electric  equipment  manufacturers*  data 
P_  Rated  power  of  units 

Efficiency  of  generator  or  alternator 
Efficiency  of  the  motor 
Rated  or  base  speed  of  the  unit,  rpm 
Estimated  data 


r 

N 


The  following  data  must  be  estimated  from  the  design  information: 

L Length  of  the  transmission  lines,  ft.  This  should  be  estimated 
as  closely  as  possible  from  the  airplane  configuration  and  the  location  of 
the  system  components  within  the  airframe,  keeping  in  mind  the  need  of 
cleaning  stmctural  and  functional  components  on  the  airplane. 


5*  Calculated  Data 

The  specific  fuel  consumption  of  the  transmission  system,  C^, 

must  be  calculated  from  the  basic  engine  data.  The  method  used  is  shown  in 
detail  in  the  hydraulic  section  (I>-U  and  -5). 


D.  Evaluation  of  an  Electric  Transmission  System 

The  total  weight  of  an  electric  power  transmission  system  is  the  stim  of 
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the  weight  of  the  elements  of  the  system,  that  is, 

(K-1) 

where: 

ZTW  “ total  wei^t  of  the  system,  lb 

= weight  of  the  transmission  cables,  lb 

W " alternator  or  generator  wei^t,  lb 

• weight  of  motor,  lb 

Wp  * wei^t  of  fuel  required  to  provide  the  power  required 
by  the  system,  lb 

W ” weight  of  constant  speed  drive,  lb 
cs 

Wqb  " weight  of  gear  box,  lb 

* weight  of  power  controls,  lb 

Wj^  " other  wei^t  costs  chargeable  to  the  system  such  £6  fuel 
required  to  overcome  additional  drag,  lb 

The  first  fotir  items  are  ftinctions  of  the  losses  in  the  system,  and  can 
therefore  be  expressed  as  functions  of  the  voltage  drop* 

The  infoimation  required  to  obtain  the  weights  of  the  system  cranponents 
is  presented  here.  The  derivations  of  the  equations  are  shown  in  Part  2 of 
this  report.  For  the  a-c  systems  it  was  assumed  that  the  power  factor  at  the 
alternator  is  equal  to  the  power  factor  at  the  load  and  that  the  voltage 
drop  along  the  transmission  line  is  only  due  to  the  resistivity  of  the  lines. 
In  aircraft  applications  these  conditions  are  very  nearly  met. 

1.  Generator  or  Alternator  Wei^t 

The  power  output  of  the  generator  or  alternator  must  be  sufficient 
to  supply  the  required  load  and  the  transmission  losses.  The  total  output 
power  required  by  a generator  is  given  by 

(lV-2) 
(lV-3) 
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gr 


and  fromai  alternator  by 


gr 


P / 

or  ' 


1 


m 


1 - 


21E 

^g 


V/ 


1 


m 


^ " Eg(pf) 
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where : 

••  rated  power  output  of  the  generator,  watts 
“ rated  power  delivered  to  gear  box  by  the  motor,  watts 
= efficiency  of  motor 

E * generator  voltage  (see  Fig.  IV-3),  volt 

" voltage  drop  between  generator  and  motor,  volt 
pf  ■ power  factor 


The  weight  of  the  machine  can  be  calculated  from  the  following  equation; 

0.56 

(IV-U) 


W - 3U.5 

o 


N 


where; 


N * the  base  speed  of  the  generator,  rpm 

This 'equation  represents  an  empirical  relationship  between  the  generator 
or  alternator  weight  and  the  output. 

The  weight  versus  power  output  is  plotted  from  Eq.  (IV-U)  for  various 
rated  speeds.  The  resulting  family  of  curves  are  shown  in  Fig,  IV-lt.  In 
terms  of  the  voltage  drop,  the  generator  weight  is  given  by 


Wg  » 3U.5 


and  the  alternator  weight  by 
Wg  - 3U.5' 


or 


m 


N (1  - -4^) 


0.56 


or 


/ 


][m_ 


" - rax) 


0.56 


(iv-5) 


(IV-6) 


2.  Fuel  Weight  Expressed  as  a Function  of  Voltage  Drop 

The  fuel  weight  is  determined  by  the  power  extracted  frcan  the 
engine.  This  can  be  expressed  in  terms  of  the  generator  output  power,  and 
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CO 


I 

to 

si 


sputiod  - 
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the  generator  efficiency  as 
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where: 


13M  ■( 

\e 


(IV-7) 


■■  power  output  of  the  generator,  watts 
= duration  of  power  extraction,  hr 
= conversion  from  watts  to  horsepower 
* generator  efficiency' 

“ specific  fuel  consumption  of  transmission  system,  Ib/HP  hr 


In  terms  of  the  power  at  the  load  and  the  voltage  drop,  the  fuel  weight 
is  given  for  a generator  by 


Mto  c-K  Pq  r 

f |(i  - Afi-) 


(IV-8) 


and  for  an  alternator  by 


E. 


13U0  ^ 


A E - 
E„(pf) 


3,  Cable  Weight  Expressed  as  a Ftmction  of  Voltage  Drop 
The  weight  of  the  cable  or  cables  is  given  ty 


(IV-9) 


w„“  L n 
c c 


I c 
■X” 


(lV-10) 


where: 

* combined  weight  density  of  cable  and  insulation  (619  Ib/ft^ 

for  copper  aircraft  cable  and  260  Ib/fv  for  aluminum  cable) 

2 

A = cross-sectional  area  of  conductor  - ft 
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» length  of  cable,  ft 

n = number  of  cables  in  system  (one  or  two  wire  system) 
c 

In  terms  of  the  power  output  and  voltage  drop  this  can  be  ejqjressed  as 
shown  below. 


For  d-c  systems. 


W 


rf <^r  / i 

° (1  - -r-^)  E 


g 


For  1 phase  a-c  systems, 

.2 


W. 


Eg  (pf) 


1 - 


A E 


E_(pf) 

& 


Ae 


For  3 phase  a-c  systems, 

,2 


Eg  (pf) 


'l 


A E 1 

E„  (pf) 

& 


AE 


where 


(IV-II) 


(IV- 12) 


(IV-13) 


-8 


f*  resistivity,  ohm-ft  (5»66  x lO”  for  copper  wire 


-8 

and  9*0  x 10  for  aluminum  wire) 


In  case  multiple  channels  are  used  to  supply  a load,  the  channels 
should  be  able  to  supply  2$  per  cent  overload  without  exceeding  the  design 
voltage  drop.  The  load  to  be  supplied  by  each  channel,  therefore,  becomes 
(1,23  PQ^)/(no«  of  channels).  This  value  should  be.  used  in  the  cable  weight 

calculation  for  multiple  channels. 

For  a single  channel  system  the  load  to  be  supplied  is 


U,  Hotor  Weight 

The  weight  of  the  motor  is  a function  of  the  torque  requirement. 

The  output  torque  of  the  motor  is  given  by 

T * 5250  HP^^N  (IV-Hi) 
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where 

* rated  horsepower  output  of  unit,  HP 
N " rated  speed,  rpm 

T ” torque,  ft-lb 

The  weight  of  the  motor  required  to  furnish  this  torque  can  be  obtained 
from  Fig.  IV-5* 

Weight  of  the  Constant  Speed  Drive 

In  the  Case  of  an  a-c  system,  it  is  usually  more  economical  to 
provide  constant  frequency  current.  This  arrangement  makes  it  possible  to 
parallel  alternators  and  no  auxiliary  devices  are  required  to  produce 
constant  frequency  CTirrent  for  special  equipment.  The  weight  of  the  drive 
can  be  obtained  from  Pig.  III-3  (hydraulic  section)  for  a given  power 
rating. 

6.  Weight  of  the  Gear  Box 

The  weight  of  the  accessory  gear  box,  in  the  case  under  consideration, 
will  depend  only  on  the  speed  of  the  motor  driving  the  gear  box,  since  the 
required  output  speeds  and  torques  are  fixed.  The  method  to  be  used  in  this 
weight  analysis  of  a gear  box  is  presented  in  Section  VI  of  this  report. 

7.  Weight  of  Generator  or  Alternator  Controls 

In  order  to  maintain  adequate  control  of  the  electric  power  system 
certain  controls  and  protective  devices  are  required  for  each  generator 
used. 

Because  of  standardization  of  this  equipment  the  combined  weight  of 
the  control  equipment  is  practically  a fixed  value  for  all  presently  used 
systems  of  the  same  voltage. 

The  devices  used  in  conjunction  with  a d-c  generator  are: 

a)  Voltage  Regulator 

b)  Field  Relay 

c)  Differential  Current  Relay 

d)  Over  Voltage  Relay 

e)  Differential  Voltage  - Reverse  Current  Relay  and  Conbaetor 

f)  Circuit  Breaker 
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The  devices  used  in  conjunction  with  an  alternator  are; 

a)  Voltage  Regulator 

b)  Differential  Current  Protection  Relay 

c)  Current  Transformers 

d)  Excitor  Protection  Relay 

e)  Excitor  Control  Relay 

f)  Reactive  Power  Equalizer  Circuit 

g)  Real  Power  Equalizer  Circuit 

h)  - Circuit  Breaker 

i)  Frequency  Control  Circuit 

The  combined  weight  of  this  equipment  for  the  systems  used  is  shown  in  Table  IV>1* 

TABIE  IV»1 

Weight  of  Generator  or  Alternator  Controls 


System 

Weight  - 

28  - Volt  d-c 

15.5 

ll5  - Volt  d-c 

25.8 

200/115  - Volt  a-c 

38.5 

E»  Determination  of  Design  Voltage  Drops 

In  order  to  be  able  to  calculate  the  total  system  weight  from  the 
expressions  shown  above,  the  voltage  drop  must  be  known.  The  design  voltage 
drop  to  be  used  is  the  smallest  of  the  following  voltage  drops; 

1)  Maximum  allowable  voltage  drop  for  voltage  regulator 

2)  Maximum  allowable  voltage  drop  per  foot  of  cable 

3)  Voltage  drop  which  minimizes  the  total  weight  of  the  system, 
or  the  optimum  voltage  drop 
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In  most  applications  the  design  voltage  drop  is  determined  by  the 
regulation  requirements.  The  theoretical  optimum  voltage  drop  is  usually 
large  and  cannot  be  used  in  actual  applications  due  to  high  current  den- 
sities, which  result  in  large  voltage  drops  per  foot  of  cable. 

The  voltage  regulations  reqiiired  for  aircraft  applications  are  tabulated 
in  Table  IV-2. 


TABLE  IV»2 

Allowable  Voltage  Drops 


Nominal  System  Voltage 
E 


Maximum  Allowable 
Voltage  Drop 
Continuous,  E 


Regulation 


28  1 3.57 

n5  U 3.W 

200  7 3.5 


The  maximum  allowable  voltage  drop  for  the  cable  is  determined  by  the 
current  carried  by  the  cable,  ftie  allowable  current  capacity  for  copper  and 
aluminum  cables  is  shown  in  Table  IV-3* 

The  current  carried  by  the  cable  can  be  obtained  in  terms  of  power 
output  for  the  several  systems  considered  from  Table  ilV-Jt.  For  multiple 
channels,  the  current  carried  by  each  channel  is  obtained  by  using  1.25  P^j. 
for  the  rated  load  and  dividing  bj-  the  number  of  channels  used* 
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TABLE  IV-a 

Current  Carrying  Capacity  for  Cables 


Cable  Size 

Cor’trnuous 

Single  Cable 
in  Free  Air 

Current  Amps 

Cables  : 
duit  or 

an  - 

20 

11 

1. 

AN  - 

18 

16 

10 

AN  - 

16 

22 

13 

AN  - 

lU 

32 

17 

Copper 

AN  - 

12 

ia 

23 

AN  - 

10 

55 

33 

AN  - 

8 

73 

i;6 

AN  - 

6 

101 

60 

AN  - 

k 

135 

80 

AN  - 

2 

181 

100 

AL  - 

8 

60 

36 

AL  - 

6 

83 

5o 

Aluminum 

AL  - 

h 

108 

66 

AL  - 

2 

152 

90 

AL  - 

1 

nk 

105 

AL  - 

0 

202 
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TABUS.  IV-h. 

Current  Required  by  Electric  Systems 


DC  - Systems 

2-wire  system  and  grounded  system 

(1  wire) 


Current  Carried  in  Cables,  amp» 


I 


P /)f 

or  ' '(m 


AC  - Systems 

1 Phase,  2-wire  system  and 
1 Phase,  grounded  system,  (1  wire) 

3 Phase,  neutral  grounded 


p / Yl 

or  '/m 


Eg  (pf) 


1 - 


A E 


Eg  (pf) 


3 E (pf) 

& 


1- 


A E 


' 
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ANALYSIS  OF  THE  WEIGHT  OF  A MECHANICAL 
POWER  TRANSMISSION  SYSTEM 
Section  V 


A.  Introduction 

A schematic  diagram  of  the  mechanical  power  transmission  system  used  as 
the  basis  of  this  analysis  is  shown  in  Fig.  V-1.  It  consists  of  a series  of 
hollow  torque  tubes  and  coupling  units.  The  length  of  the  torque  tube  is  dic- 
tated.by  critical  speed  requirements  and  is  a function  of  the  tube  diameter 
and  wall  thickness.  Each  coupling  unit  (Fig.  V-2)  consists  of  two  adapters, 
a flexible  coupling,  intermediate  solid_ shafts,  and  two  bearings.  The  adapt- 
ers serve  to  reduce  the  hollow  torque  tube  to  a solid  shaft  at  the  coupling 
unit.  This  avoids  excessive  size  and  weight  for  the  bearings,  pillow  blocks, 
and  the  flexible  coupling  which  would  be  needed  for  the  larger  tube  diameters. 
A shaft  housing  is  included,  since  specifications  require  such  a housing  in 
some  cases.  If  a constant  output  speed  is  required,  as,  for  example,  when 
driving  an  alternator,  a constant  speed  drive  must  be  included  since  the  en- 
gine speed  varies. 

It  is  assumed  that  there  are  ”n”  coupling  units  and  shaft  units  in' the 
system,  each  end  of  the  shaft  having  the  equivalent  of  one  half  of  a coupling 
unit. 

B.  Nomenclature 

A cross-sectional  area  which  must  be  added  to  standard  pillow  block 

2 

to  provide  clearance  for  torque  tube,  in. 
c radial  clearance  between  outside  diameter  of  the  shaft  and  the  in- 
side diameter  of  the  shaft  housing,  in. 
parameter  defined  by  Eq.  (V-6) 

Cg  parameter  defined  ly  Eq.  (V-7 ) 

Cpj  thrust  correction  factor  due  to  power  extraction 
C'  fuel  flow  correction  factor  due  to  porer  extraction 
G"  specific  fuel  consumption  of  transmission  system,  Ib/HP-hr 

A A 

D,  outside  diameter  of  bearing,  in, 
b 

D,  inside  diameter  of  housing,  in, 
h 

inside  diameter  of  torque  tube,  in, 
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outside  diameter  of  torque  tube,  in. 

D solid  shaft  diameter,  in. 
s 

2 

E modulus  of  elasticity,  Ib/in. 

F engine  thrust  at  design  cruise  speed  and  altitude,  lb. 
n 

2 

g acceleration  due  to  gravity,  in. /sec. 

HP  normal  rated  horsepower  output  of  transmission  system,  hp 
r 

HP  power  requirement  from  the  system  at  cruise  conditions,  hp 
c 

HP  reference  power  of  the  jet  engine  arbitrarily  chosen  as  10  per  cent 
REF 

of  jet  power  at  sea  level  static  conditions , hp 

HP  horsepower  extracted  from  engine,  hp 
X 

I rectangular  moment  of  inertia,  in^ 

K diameter  ratio,  D,/D 

1 o 

K,  shock  factor 
t 

^ total  distance  accessory  power  to  be  transmitted,  ft 

L shaft  unit  length,  in. 

length  of  coupling  unit,  in, 

L length  of  solid  shaft,  in. 

S 

n number  of  shaft  units 

N normal  rated  shaft  speed,  rpm 

shaft  speed  at  cruise  conditions,  rpm 

N critical  speed  of  shaft,  rpm 

cr 

R area  ratio  of  pillow  block 

design  shear  stress,  psi 

t practical  minimum  wall  thickness  of  torque  tube,  in. 

tj^  wall  thickness  of  shaft  housing,  in, 

T torque,  lb-in, 

116 

RESTRICTED 


WADC-TR  53-36 
Part  1 


T 

s 


RESTRICTED 


ad 


W 

s w 
w 
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W 

cu 


w 


fc 


w. 


w_ 


w 


s 

cL. 


Od 

£ 

■^cs 

r 


static  torque,  lb-in. 
width  of  adapter,  in. 
width  of  the  pillow  block,  in. 
torque  tube  weight,  lb 
bearing  weight,  lb 

total  weight  of  transmission  system,  lb 
weight  of  the  constant  speed  drive,  lb 
coupling  unit  weight,  lb 

weight  of  fuel  required  to  operate  the  accessory  system  for  a given 
time, "IT,  lb 

fuel  flow  of  unburdened  engine,  Ib/hr 
flexible  coupling  weight,  lb 
weight  of  shaft  housing,  lb 

Increment  of  total  aircraft  weight  due  to  additional  structural  re- 
quirements and  to  the  required  fuel  to  overcome  any  increased  aero- 
dynamic drag  chargeable  to  transmission  system, lb 
weight  of  pillow  block,  lb 
intermediate  solid  shaft  weight,  lb 

2 

adapter  proportionality  constant  for  weighty  Ib/in 

2 

primary  proportionality  constant  for  pillow  block  weight,  Ib/in. 

2 

secondary  proportionality  constant  for  pillow  block  weight,  Ib/in. 

ratio  of  housing  clearance  to  outside  diameter  of  the  shaft  = 

coupling  unit  efficiency 

efficiency  of  constant  speed  device 

weight  density  of  torque  tube  material,  Ib/in. 

weight  density  of  adapter  material,  Ib/in. 

weight  density  of  shaft  housing  material,  Ib/in. 
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o 

■weight  density  of  pillow  block  material,  Ib/in". 

weight  density  of  solid  shaft  ma-berial,  Ib/in'. 
duration  of  power  extraction,  hr 


horsepower  parameter  defined  by  Eq.  (V-2) 
specific  thrust  fuel  consumption,  Ib/lb-hr.  see  Eq. 


C.  Initial  Data  to  be  Obtained 

The  initial  data  and  information  required  to  evaluate  a mechanical  power 
transmission  system,  are  listed  be lew, 

1,  From  Flight  Profile  of  Airplane 

*The  flight  profile  of  the  airplane  will  furnigh  the  following  data; 

cruise  speed  of  airplane 
cruise  altitude 

maximum  altitude 

approximate  duration  of  povrer  extraction 

thrust  required  from  each  engine  at  various  flight  conditions 

2,  From  Engine  Specifications 

The  engine  manufacturer's  specifications  for  the  engine  to  be  used 
on  the  airplane  will  provide  the  following  data; 

Maximum  speed  at  accessory  drive  pad  on  engine  (corresponds  to 
maximiim  engine  speed),  rpm 

Normal  rated  speed  at  accessory  drive  pad  on  engine  (corresponds 
to  normal  rated  engine  speed),  rpm 

Speed  at  accessory  drive  pad  on  engine  under  cruise  conditions, rpm 

Cp^  thrust  correction  factor  due  to  power  extraction  at 
cruise  conditions 

fuel  flow  correction  factor  due  to  power  extraction  at 
cruise  conditions 

HP  reference  horsepower  of  engine 

HBF 

Wp  fuel  flow  of  unburdened  engine  at  cruise  conditions, Ib/hr 

3,  From  Tentative  Specifications  for  Transmission  System 

These  specifications  will  supply  the  following  data; 
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HP^  normal  rated  horsepower  required  of  transmission  system 

HP  horsepower  output  required  of  the  transmission  system  at  cruise 
^ conditions 

diiration  of  power  extraction,  hr. 

3^  distance  between  main  engine  and  constant  speed  drive,  ft 
From  Design  Constants  for  System  Components 


Several  decisions  or  asstimptions  must  be  made  in  regard  to  the  type 
of  components  and  materials  to  be  used  in  the  system.  Based  on  cur- 
rent aircraft  practice  and  the  stage  of  component  development,  the 
following  must  be  assumed; 


kind  of  materials  for  the  shaft,  pillow  blocks,  and  housing 
approximate  configuration  of  coupling  unit 


type  of  flexible  couplings 

type  of  bearings 

type  of  conversion  unit 


The  design  constants  should  be  based  on  the  best  information  avail- 
able for  these  components.  If  no  suitable  data  are i obtainable , rea- 
sonable assumptions  should  be  made.  The  assumption*  chosen  in  the 
sample  calculations  may  be  used  as  a guide. 

The  following  component  design  constants  are  necessary; 


length  of  coupling  unit,  in. 

L length  of  solid  shaft,  in. 

s 


K 


t 


c 


n 

r 

^d 


shock  factor  for  shaft 

radial  clearance  between  outside  diameter  of  the  shaft 
and  the  inside  diameter  of  the  shaft  housing,  in. 

minimm  critical  speed  of  shaft,  rpm  (based  on  maximum 
shaft  speed) 

coupling  \mit  efficiency 
efficiency  of  constant  speed  device 
weight  density  of  torque  tube  material,  Ib/inl 
weight  density  of  adapter  material,  Ib/in^ 
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weight  density  of  shaft  housing  material,  Ib/in'? 

weight  density  of  pillow  block  material,  Ib/in. 

flexible  coupling  weight  for  various  torque  ratings,  lb 

outside  diameter  of  bearings  for  the  range  of  shaft  sizes 
under  consideration.  In. 

design  shear  stress,  psi 

practical  minimum  wall  thickness  of  torque  tube,  in. 

practical  wall  thickness  of  shaft  housing,  in. 

width  of  adapter,  in. 

width  of  pillow  block,  in. 

bearing  weight  for  various  shaft  sizes,  lb 

weight  of  the  constant  speed  drive,  lb 

weight  density  of  solid  shaft  material,  Ib/in. 

primary  proportionality  constant  for  pillow  block  weight 
Ib/in^. 


D.  System  Analysis  Procedure 

For  the  purposes  of  this  analysis,  the  transmission  system  is  divided  in- 
to a number  of  identical  units.  Each  of  these  units  consists  of  a hollow  shaft 
having  half  a coupling  unit  on  each  end  of  the  shaft. 


The  shaft  must  satisfy  two  basic  requirements.  First,  the  critical  speed, 
must  be  equal  to  or  greater  than  the  specified  value,  and  second,  the 

shaft  must  be  strong  ^ough  to  transmit  the  required  horsepower  indicated  by 
the  torque  parameter, $.  The  critical  speed  of  a hollow  shaft  is  determined 
by  its  wall  thickness,  diameter,  and  length.  The  torque  capacity  of  the  shaft 
is  determined  by  the  wall  thickness  and  the  diameter.  It  is  recessary  to  es- 
tablish a combination  of  the  practical  minimum  wall  thickness,  t,  of  the  torque 
tube,  the  shaft  diameter,  D,  and  the  shaft  unit  length,  L,  such  that  these  two 
conditions  are  satisfied. 

For  a minimum  practical  wall  thickness  and  a given  critical  speed,  there 
exists  a length  which  will  exactly  satisfy  the  torque  requirements.  The  num- 
ber of  shaft  units  corresponding  to  this  length  is  referred  to  as  the  critical 
number,  n^^.  If  more  shaft  units  are  used  and  they  are  designed  for  the  re- 
quired critical  speed,  they  are  not  able  to  transmit  the  required  torque.  If 
the  number  of  units  is  less  than  the  critical  number,  the  shafts  can  transmit 
more  than  the  required  torque. 
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The  optiraom  number  of  shafts  is  defined  as  the  number  of  shaft  units  which 
results  in  a minimum  total  weight  of  the  transmission  system,  including  the 
fuel  required  to  supply  the  power  extracted  from  the  engine*  5he  optimum 
number  of  shaft  units  must  be  equal  or  less  than  the  critical  number  if  the 
shaft  satisfies  the  critical  speed  and  the  torque  requirements* 


The  procedure  for  analyzing  a mechanical  power  transmission  system  coiv- 
sists  of  three  phases,  calculation  of  the  number  of  shaft  units  which  will 
satisfy  critical  speed  and  horsepower  requirements,  determination  of  the 
optimum  shaft  diameter,  and  computation  of  the  minimum  total  system  wei^t* 

A step  by  step  procedure  is  presented  for  calculating  each  of  these  quantities* 

To  simplify  the  computataon,  recurrent  parameters  and  constMts  such  as 
the  torque  parameter, and  the  auxiliary  constants,  and  Cg*  are  evaluated 

separately  or  taken  from  curves*  They  are  then  used  in  subsequent  calculations* 


1* 


Calculation  of  the  Number  of  Shaft  Units  Which  Just  Satisfy  Critical 
Speed  and  Horsepower  EequiremeTits*  n^^ 

The  maximum  number  of  shaft  units  is  determined  by  a trial  and  error 
procedure* 

a*  Assume  a value  for  n,  the  number  of  shaft  units* 


b*  Compute  the  shaft  unit  length 
L 


n 


where 


total  length  of  transmission  line,  ft 


c*  Compute  the  critical  speed  pareimeter,  L 


d*  Calculate  the  torque  parameter, 
# “ 


M 


N 


cr 


HP 

t r 


where 


N S 


(V-1) 


(V-2) 


^r 

N 


= shock  factor 

■ normal  rated  horsepower  of  system,  hp 
= normal  rated  shaft  speed,  rpm 

® design  shear  stress  of  shaft  material,  psi 

■ efficiency  of  the  constant  speed  drive 

■ coupling  unit  efficiency 

■ number  of  shaft  units 
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e.  Plot  the  value  of  t and  L\/n  on  Fig.  ?~3. 

V cr 

At  this  point  the  shaft  diameter,  D^,  is  determined  such  that  the 
critical  speed  requirement  is  just  satisfied.  If  this  point  lies 
above  the  $ value,  calculated  in  step  1-d,  the  shaft  is  capable 
of  transmitting  the  horsepower  and  the  horsepower  requirement  is 
satisfied.  If  this  point  lies  below  the  J value,  the  shaft  is 
not  capable  of  transmitting  the  horsepower  and  the  horsepower  re- 
quirement is  not  satisfied. 

f.  Repeat  steps  a through  e until  the  critical  number  of  shafts  (n  ) 

^ Cl* 

which  will  just  satisfy  the  horsepower  requirement  is  determined. 
Calculation  of  the  Approximate  Optimm  Torque  Tube  Diameter 


The  approximate  optimum  torque  diameter  is  also  determined  by  a 
trial  and  error  procedure. 

a.  Determine  solid  shaft  diameter,  D^,  from  Fig.  for  the  torque 
parameter, 5 , corresponding  to  n . 

W 

b.  Determine  the  weight  for  a unit  length  of  torque  tube,  =-. 

Ju 

The  outside  diameter  of  the  torque  tube,  D^,  is  taken  from  Fig. 

V-3  at  the  value  of  L-\n  and  "t”  used  to  obtain  n . The 

cr  cr 

weight  per  unit  length  of  the  torque  tube  is  then  determined 
from  Fig.  V-5. 

c.  Determine  the  adapter  proportionality  constant,  (f'. 


^ 2^ad^ad 
5 


(V-3) 


^d 


where 

weight  density  of  adapter  material,  Ib/in. 
width  of  the  adapter,  in.^  (see  Fig.  Vt-2) 

3.C1 

d.  Determine  secondary  proportionality  constant,  for  pillow  block 
weight. 

When  D = 1.25  D,  , 
o b 

^ - 0 


When  D >1.25  D^, 

O D 


where 


?3-36 


R area  ratio  of  pillcw  block 

O 

weight  density  of  pillow  block  material,  Ib/in. 
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w ■»  width  of  the  pillow  block,  in. 

P 

= outside  diameter  of  torque  tube,  in. 
” outside  diameter  of  bearing,  in. 

Hie  area  ratio  of  the  pillow  block  is  found  fran 

U 

R - - ■ ' ' • 

. i^) 

where 


A is  the  area  that  must  be  added  to  standard  pillow  block 
to  provide  clearance  for  large  diameter  torque  tubes  (see 
Fig.  V-6). 


e.  Determine  the  specific  fuel  consumption  of  the  accessories,  C^. 

^ ^n  Sx  ' ^f 


C" 

^PX 


HP. 


KEF 


where 


^PX 


HP. 


HBF 


specific  fuel  consumption  of  the  transmission  system,  Ib/HP-hr 
engine  thrust  at  design  cruise  speed  and  altitude,  lb 
specific  thrust  fuel  consumption,  Ib/lb-hr  (see  Eq.  (III-U)  ) 
fuel  flow  correction  factor  <hie  to  power  extraction 
thnxst  correction  factor  due  to  power  extraction 
fuel  flow  of  unburdened  engine,  Ib/hr 

reference  HP,  arbitrarily  taken  as  10  per  cent  of  jet  horse- 
power at  sea  level  and  stationary  conditions 


All  of  the  factors  in  the  above  equation  can  be  obtained  from  engine 
spe  df  icati  ons  . 


f.  Determine  the  auxiliary  constants  and  Cg. 

To  determine  the  rainiraum  total  weight  of  the  system,  the  equation 
for  the  total  system  weight  is  differentiated  with  respect  to  the 
torque  tube  diameter.  The  solution  of  the  equation  for  the  torque 
tube  diameter  which  will  give  the  minimum  total  system  weight  is 
shown  in  the  supplement  to  this  report.  In  solving  this  optimum 
diameter  it  is  convenient  to  Introduce  the  auxiliary  constants,  C, 
and  Cg*  These  constants  are  defined  as: 
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f '•  _ D^ 

i 2 \ ^ ^fc"jj-F^ 

_ ^ T 

r ‘ cu 
•0 

- 2 

+ i^-CJ)  dJ 

s b 

In  H?.C^irLnV| 

(cs 
(V-6) 


136.9?;  + ?r;;  (1  + 2£)j  ^ 


^nLn 


?tcs 

(V-7) 


All  of  the  factors  in  these  two  equations  have  been  determined  pre- 
viously. 

e.  Determine  the  approximate  optimum  torque  tube  diameter,  (D  ) . . 

o opt 

On  Fig.  V-7  locate  the  lines  of  constant  avixiliary  constants 
and  Cg  calculated  above.  The  intersection  of  these  two  irt- 
tegral  ctirves  determines  the  value  for  the  approximate  optimum 


torque  tube  diameter,  (D  ) . 

o opt 

h.  Determine  the  optimum  number  of  shaft  units,  From  Fig. 

V-3  at  the  optimum  diameter,  (Dq)qp^  Ihe  practical  minimum 


wall  thickness,  t,  obtain  Then, 

. =fcl2 


opt 


opt 


(V-8) 


i.  Compare  the  optimum  number  of  shaft  units,  n^p^>  'to  the  critical 
number  of  shaft  units,  n^^.  The  value  of  n^^^  will  be  equal  to, 
greater  than,  or  less  than 

If  n “ n , the  value  of  D corresponding  to  n is  the  op- 
opt  cr  o ^ cr 

timum  torque . tube  diameter. 

If  n . >n  , the  optimum  torque  tube  diameter  lies  below  the 
ojTu  rn3>x 
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corresponding  line  of  constant  torque  parameter,  J , and,  there- 
fore, the  torque  tube  is  unable  to  transmit  the  required  horsepow- 
er, In  this  situation,  the  torque  tube  diameter  corresponding  to 

n should  be  used, 

/ cr 

”opt  ^ optimum  torque  tube  diameter  lies  above  the 

corresponding  line  of  constant  torque  parameter, In  this  case 

it  is  necessary  to  assume  a new  value  of  n<  n^^,  and  calculate 

a new  n , . If  the  new  n . agrees  with  the  assumed  n within  one 
opt  opt 

shaft  unit,  the  corresponding  to  the  new  is  the  approxi- 
mate optimum  torque  tube  diameter.  If  the  new  n^p^  does  not  agree 
with  the  asstimed  n,  another  n must  be  assumed,  and  the  process 
repeated  until  the  calculated  value  agrees  with  the  assumed  val- 
ue within  one  shaft  unit, 

3«  Calculation  of  Minimum  Total  Weight  of  the  System 

The  calculated  value  for  the  optimum  number  of  shaft  units,  n is 

’ opt 

usually  a fraction.  Therefore,  the  total  weight  of  the  system  is  cal- 
culated twice,  for  the  torque  tube  diameter  corresponding  to  the  next 

whole  number  of  shaft  units  above  the  calculated  n and  for  the 

opt 

torque  tube  diameter  corresponding  to  the  next  whole  number  of  shaft 

units  below  the  calculated  n . . The  lowest  of  the  two  total  weight 

opt 

values  is  the  approximate  minimum  total  weight  of  the  system. 

The  total  weight  of  the  system  is  given  by: 


W 


n L + W 
L cu 


+ + W,  + W + W ,+ 

F h cs  k GB 


(V-9) 


where 


n ” number  of  shaft  units 
W " weight  of  one  shaft  unit,  lb 
L “ length  of  shaft  unit,  in, 

“ weight  of  coupling  unit,  lb 
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Wp  = weight  of  fuel  required  to  operate  the  accessory 
system  for  a given  time,  'X'i  lb 

■ weight  of  shaft  housing,  lb 

W = weight  of  the  constant  speed  diive,  lb  (see  Fig,  III-3) 
cs 

W.  * increment  of  total  aircraft  wei^t  due  to  additional 
structural  r equirements  and  to  the  fuel  required  to 
overcome  any  increased  aerodynamic  drag  chargeable  to 
transmission  system,  lb 

Wq2  * weight  of  the  gear  box,  lb  (see  Section  VE) 


Each  of  the  terns  in  the  above  equation  is  evaluated  as  follows: 

W 

a.  The  torque  tube  weight  per  unit  length, 

The  torque  tube  wei^t  is  found  from  Plg,  for  the  practical 
miirLmum  wall  thickness,  t,  and  the  optimum  torque  tube 
diameter, 

b«  The  coupling  uiit  weight, 

The  coupling  unit  weight,  W , is  the  sum  of  the  con5)onent 

Cu 

weights  as  follows:  (See  Hg,  V-2) 


W. 


cu 


2“.d  * * "fc  * 


(V-10) 


vrtiere 

« weight  of  the  adapter,  lb 

Wp  ■ weight  of  the  pillow  block,  lb 

" weight  of  the  bearing,  lb  (from  manufacturer's  data) 

■ weight  of  the  flexible  coupling,  lb  (from  manufac- 
turer's data) 

W ■ weight  of  solid,  intermediate  shaft,  lb 
s 


These  coupling  unit  component  weights  are  determined  as  shotm  below. 
The  wei^t  of  the  adapter  is  found  from: 

«ad 


^ere 

^ ^ad 
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D diameter  of  intermediate  solid  shaft,  in. (from  Fig  V-U) 
s 

o 

^ weight  density  of  adapter  material,  Ib/in.  (from, 
manufacturer • s data ) 

w width  of  the  adapter,  in.  (see  Fig.  V-2)  (from  manu- 
facturer^s  data) 

The  equation  for  the  pillow  block  weight  isi 

Wp  = +,6  (D^  - D^)  ^ (V-12) 


where 

D outside  diameter  of  bearing,  in.  (from  manufacturer's 
° data) 

tjJ  primary  proportionality  constant  for  pillow  block 
weight  determined  from  the  design  of  the  particular 
pillow  blocks,  2.\i/±T^ 

_^i3  secondary  proportionality  constant  for  pillow  block 
weight  determined  as  shown  in  section  2-d, 


The 

ing 


wei^t  of  the  solid  intermediate  shaft  is  determined  from  the  follow- 
equation:  9 

L ^ 

W = ^ L„.  (V-13) 


cu 


where 


3 

if  weight  density  of  solid  shaft  material,  Ib/in. 
s 

L length  of  solid  shaft  determined  by  the  coupling 
® unit  configuration,  in. 


L leng-on  of  coupling  iinit  determined  by  the  coupling 
unit  configuration,  in. 


The  last  term  in  the  above  equation  is  a correction  factor,  taking  into 
account  the  fact  that  the  torque  tube  does  not  extend  over  the  full  length, 
L.  (see  Fig.  V-1) 


c.  The  fuel  weight,  W . 

r 

The  fuel  weight  is  obtained  from  the  following  equation: 
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L duration  of  power  extraction,  hr 

C"  specific  fuel  consumption  of  accessories,  Ib/HP-hr 
(determined  as  shown  in  section  2-e) 

HP  horsepower  required  by  accessories  \mder  cruise 
^ conditions 

d.  The  shaft  housing  weight, 

The  housing  weight  is  found  from; 

\ = 37.7  t^  (1+2  £,)^D^  (V-15) 

where 

weight  density  of  housing  material,  Ib/inf 

t^  wall  thickness  of  housing,  in.  (assumed) 

ratio  of  housing  clearance  to  outside  diameter  of 

torque  tube,  — . The  clearance,  c,  is  assumed* 

0 

E.  Sample  Calculi. tlon 

The  procedure  for  determining  the  minimum  total  weight  of  the  shaft  system 
is  illustrated  by  the  following  sample  calculation. 


1.  Initial  Data 

The  following  conditions  are  assumed  for  an  aircraft  operating  at 
cruise  conditions: 

Speed  of  aircraft  UOO  knots 

Altitude  350CX)  ft 

Engine  thrust  3000  lbs 

Engine  performance  as  shown  in  Ref.  7 

The  following  specifications  for  the  transmission  system  are  assinned; 
normal  rated  power  required  by  accessories, fHPj.  50  HP 
normal  rated  speed  of  shaft,  N 6000  rpm 


maximum  shaft  speed,  N 
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minimum  critical  speed,  N 


cr 


duration  of  power  extraction,  L» 
case  (a) 
case  (b) 

distance  between  main  engine  and  gear  box,  ^ 
shock  factor,  K 

design  stress  for  steel  shaft,  S 

s 

density  of  torque  tube  material, 

practical  minimum  thickness,  t,  for  torque  tube 

shaft  housing  thickness,  t^ 

density  of  shaft  housing  material,'2C 

h 


2 hr 
20  hr 

60  ft 

1.5 

25,000  psi 
0.28U  Ib/in^ 

0.062  in* 
0,062  in, 

0.28U  Ib/in^ 


density  of  intermediate,  solid  shaft  material,  ^0,281;  Ib/in^ 

s 

efficiency  of  constant  speed  drive,  7^^^  0.85 

coupling  unit  efficiency,  7^  0,97 


width  of  adapter, 

area  ratio,  R 

length  of  solid  shaft,  L 


coupling  unit  length,  L 


cu 


diameter  of  the  bearing,  D, 


0,5  in. 

0.125 

ii.O  in. 
6 in. 

2 X D 


proportionality  constant  for  the  adapter  weight, OCtO. Ill  Ib/int 


proportionality  constants  for  pillow  block 
weight,y<3 

_/?  (when  D ^1.25  D,  ) 
o b 

CJ 

bearing  weight 

flexible  coupling  weight 

specific  fuel  consiimption  of  accessories, 

ratio  of  housing  clearance  to  outside  diameter 
■ of  shaft,  ^ , 


0.223  Ib/in? 


0.565  Ib/in. 

1.0  Ib/in  of  D 

s 

U.5  lb 

0,5  Ibs/HP-hr 


0.06 
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2,  Determination  of  Critical  Nxunber  of  Shaft  Units 


Assume  a value  for  n 
n = 25 


b.  Compute  the  shaft  unit  length 

, _ 60  X 12 


28,8  in. 


c.  Compute  L 

L ^JlktOOO  = 3.U  X 10^ 

d.  Calculate  the  paiameter,  5 , from  Eq.(V-2) 

••  1.5  X 50 

I “ 6000  X 25,000  (0.97)^^  (0.85) 


= 1.26  X 10"^ 

e.  Plot  items  c and  d on  Fig.  V-3  at  t=  0.062 

It  is  seen  that  the  line  of  $ = 1,26  x 10  ^ crosses  the  t = 0,062 

line  at  La/n  = 3*5U  x 10^,  Step  c indicates  that  a 25-unit 
V cr 

system  requires  = 3»Ul  x lO'^,  and,  thus,  will  not  trans- 

mit the  required  horsepower, 

f.  Assume  a new  value  for  n 

n = 2ii 

g.  Compute  new  shaft  length 

60  X 12 

‘ -2ir— 


” 30  in. 
h.  Ccmipute  new  L'\/n 


cr 


1. 


L-sJlit,Oo6  •=  3.5U  X 10^ 

Calculate  new  parameter, 5 

_ 1.5  X 50 


6000  X 25,000  (0.97)^^  (0.85) 

= 1.22  X 10“^ 

j.  Plot  items  h and  i on  Fig.  V-3  at  t = 0.062  in. 
It  is  seen  that  the  new  L 


N lies  above  the  intersection  of 
cr 


135 

RESTRICTED 


WADC-TR  5>36 
Part  1 


RESTRICTED 


$ = 1.22  X 10“^,  and  t=  0.062.  Thus,  a 2ii-unit  system  will  sa- 
tisfy the  horsepower  requirements,  whereas  a 2^unit  system  will 
not.  Therefore, 

n “ 2U  units, 
cr 

This  value  of  n is  used  as  a first  approximation  for  n in  cal- 
culating the  optimum  torque  tube  diameter. 

3.  Determination  of  Approximate  Optimum  Torque  Tube  Diameter 

a.  Determine  solid  shaft  diameter 

From  Fig.  V-1;  at  ^ = 1.22  x 10“^ 

D =1.20  in. 
s 

b.  Determine  weight  for  unit  length  of  torque  tube 

The  D^  of  the  torque  tube  is  taken  from  Fig.V-3  at  = 

3.^1;  X 10^  and  t = 0.062  in. 

D “ 1.91;  in. 

0 

The  weight  per  unit  length  of  the  torque  tube,  W/L,  is  de- 
termined from  Fig.  V-5  at  D^  = 1,91+  in,  and  t = 0.062  in. 

0.1  Ibs/in, 

c.  Calculate  Parameter, 

For  the  assumed  conditions  and  (,  = 2 hours,  Eq.(V-6)'gives: 

= 0.0368 

d.  Calculate  Parameter, 

For  the  assumed  conditions  and'^=  2 hours,  Eq.(V«7)gi''^ess 

C2  ” 0.280 

e.  Determine  approximate  optimum  torque  tube  diameter 
From  Fig.  V-7  forj 
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=■  0,0368 
*=  0.280 

(D  ) ^ “ 2.08  in. 
' o opt 


f. 


^opt* 


Calculate  optimtm  number  of  shaft  units,  n^ 

From  Fig.  V-3  determine  at  t =•  0,062  in.  and  “ 

2.08  in. 

- 3.67  X 10^ 


Then, 


and 


L =>  31  in. 


“opt  ■ 


This  value  of  n .is  within  one  shaft  unit  of  the  n found  in 
opt  cr 

step  2 - J,  above. 

Repeating  steps  a to  f forT”=  20  hours  gives: 

®o'opt  ' 

-opt  ■ W.W 

F.  Determination  of  Approximate  Minimum  Total  Weight 

Calculate  the  total  weight  for  the  next  larger  and  the  next  smaller  whole 
number  of  shaft  units  from  Eq.((V-9), 


For  lT=  2 hr; 

n = 23 
L = 31.3  in. 

D = 2.11  in, 
o 

D =1.19  in, 
s 

ZW  = 690  lbs 
For  20  hr: 

n = 20 


n = 2U 

L = 30  in, 

» 1.95  in. 

D “ 1.20  in, 
s 

Z.W  * 696  lbs 


n = 19 
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L = 36  in.  L “ 37.9  in. 

D = 2.78  in.  D = 3.07  in. 

o o 

D “ 1.13  in.  D “ l.lii  in. 

s s 

2SW  = 1670  lbs  SW  = 1680  lbs 

Thus,  for  the  2-hour  system  the  approximate  minimum  total  weight  is  69O  lbs. 

For  the  20-hour  system  the  approximate  minimum  total  weight  is  I67O  lbs. 

The  results  and  pertinent  design  data  for  this  sample  calculation  are  tabulated 
in  Table  V-1. 
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Table  V-1 

TABULATION  OF  PERFORMANCE  DATA  FOR  A MECHANICAL  ACCESSORY 
POWER  TRANfflllSSION  SYSTEM 


Design  Data 

2-hour 

system 

20-houi^ 

system 

r 

Duration  of  power  extraction  (hr) 

2 

20 

HP 

0 

Output  horsepower 

50 

50 

<”o>opt 

Torque  tube  diameter,  in. 

‘2.11 

2.78 

n 

Number  of  shaft  units 

23 

20 

Installed  weight,  lb. 

371 

583 

^F 

Weight  of  fuel,  lb. 

119 

1087 

Fuel  rate  for  accessories,  Ib/hr 

59.5 

5U.35 

SW 

Min.  total  weight  of  system,  lb. 

690 

1670 
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ANALYSES  OF  THE  WEIGHT  OF  AIRCRAFT 
ACCESSORY  GEAR  BOXES 


Section  VI 


A.  Introduction 

Aircraft  accessory  gear  boxes  are  generally  designed  to  satisfy  the 
particular  requirements  of  a specific  installation.  These  designs  result  in 
a wide  variety  of  gear  boxes,  since  the  number  of  drives,  the  configuration 
of  the  gear  box  housing,  center  distances,  and  flange  and  drive  sizes  depend 
on  the  requirements  of  the  individual  application.  Also,  many  accessory  gear 
boxes  are  incorporated  in  the  accessory  unit,  as  in  the  case  of  most  pneumatic 
turbines. 

In  the  evaluation  of  aircraft  accessory  power  transmission  systems,  it 
is  desired  to  estimate  the  weight  of  the  required  gear  boxes.  The  basic  type 
of  gear  box  is  a single-step  speed  reducer  with  a single  drive.  A method  for 
determining  the  approximate  weight  of  this  type  of  gear  box  is  developed  in 
this  section. 

When  necessary,  the  weight  of  a multi-dii.ve  gear  box  can  be  obtained 
by  the  same  method  of  analysis;  however,  a considerable  amount  of  q>ecific 
design  information  in  regard  to  the  particular  installation  is  required. 

1.  Description  of  Single-Step  Speed  Reducer 

A schematic  diagram  of  a sin^e-step  speed  reducer  is  shown  in 
Fig.  VE-1.  The  gears  are  mounted  on  hollow  shafts  and  connected  to  driving 
and  driven  units  by  means  of  splines  and  standard  AND  drive  and  flange.  The 
casing  is  just  large  eqough  to  contain  the  gears  and  bearings.  The  size  of 
the  drive  and  flange  is  dictated  by  the  torque  and  overhung  moments  of  the 
driving  unit  and  the  accessory  upon  which  the  gear  box  is  mounted. 

2.  Method  of  Analysis 

For  the  weight  analysis,  the  gear  box  in  Fig.  VI-1  is  modified  to 
look  like  the  gear  box  shown  in  Fig.  VT-2.  All  of  the  parts  are  Imped  into 
three  major  equivalent  components:  the  gears,  the  housing,  and  the  drive  and 

flange.  These  components  are  analyzed  individually  to  deterraim  their  weight. 
The  total  weight  of  the  gear  box  is  the  sum  of  the  equivalent  component  wei^ts. 

For  the  type  gear  bo*  under  consideration  the  gear  box  total  weight 
decreases  with  a decrease  in  pinion  diameter.  Ihus,  the  smallest  pinion  which 
will  transmit  the  required  torque  should  be  used  to  obtain  mitrLmum  w ei^t. 
Therefore,  the  gear  box  should  t;  designed  with  the  smallest  possible  pinion 
diameter  vdiich  will  transmit  the  required  torque. 

The  smallest  permissible  size  of  the  gedrs  is  first  determined  from 
strength  considerations.  The  size  of  the  gears  deteimines  the  size  of  the 
casing.  The  type  of  AND  Standard  drives  and  flanges  selected  is  deteimined  by 
the  torque  transmitted  and  the  overhung  moment  imposed  on  the  g earbox.  The 
size  of  non-standard  drives  and  flanges  is  determined  in  a similar  manner. 
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Once  the  size  of  these  equivalent  components  is  determined,  their  volume  and 
vreight  can  be  computed  from  geometrical  considerations. 

B.  Nomenclature 

2 

A projected  area  perpendicular  to  the  centerline  of  the  gears  , in. 

a weight  factor 

C height  of  gear  box,  in. 

c hole  factor 

D pitch  diameter,  in. 

d diameter,  in. 

F tangential  force  at  pitch  line,  Ib 

F(R)  function  determined  from  the  geometry  of  the  projected  areas  of 

the  gears 

f face  width  of  the  gears,  in. 

h spline  addendum,  in. 

HP  horsepower,  hp 

J scale  factor 

shock  factor  for  shaft 
K housing  width  factor,  in. 

L length  of  line  tangent  to  outside  diameter  of  both  gears,  in. 

m minimum  thickness  of  material  above  keyway,  in. 

N speed,  rpm 

n ntimber  of  gear  teeth 

P diametral  pitch,  l/in. 

R gear  reduction  ratio 

S number  of  spline  teeth 

(SF)  service  factor  for  gears 

s^  working  stress  for  gear  teeth,  psi 

s design  stress  for  shaft,  psi 

s 

T torque,  lb~in. 

ihh 
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t thickness,  in. 

V pitch  line  velocity,  ft/min* 

W weight,  lb/ 

w width  of  gear  housing,  in. 

T form  factor  for  Lewis  Eqpiation 

z diametral  pitch  x addendum 

pressure  angle  of  gears,  degrees 

weight  density,  Ib/in. 

© an^e  between  line  through  gear  centers  and  a line  pezpendicular 

to  common  tangent  of  the  outside  diameters  of  the  gears,  degrees 

SUBSCRIPTS 

1 input 

2 output 

ave  average 

e equivalent 

Q gears  (both  pinion  and  large  gear) 

GB  gear  box 

H hub 

h housing 

i inside 

L large  gear 

o outside 

p pinion 

fd  flange  or  drive 

r rim 

sp  spline 

w web 
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The  following  basic  data  are  required  to  calculate  the  total  weight  of  a 
single-step  speed  reducer: 

1,  From  Accessory  System  Specification 

HP  rated  horsepower,  hp 

rated  input  speed,  irm 

HP  maximum  or  overload  horsepower 

max 

N^in  minimum  input  speed,  at  maximum  power,  rpm 

R gear  reduction  ratio  ' 

2.  From  Assumptions  Based  on  Experience  and  Judgment 
shock  factor  for  shaft 
service  factor  for  gears 
design  shear  stress  for  shaft,  psi 
design  tensile  stress  for  gears,  psi 
weight  density  of  gear  material,  Ib/in^ 
weight  density  of  housing  material,  Vo/±ri 
average  wall  thickness  of  casing,  in. 

Do  Analysis  Procedure 

The  total  weight  of  the  gear  box  is  the  sum  of  the  individual  component 
weights. 


(SF) 

s 

s 

s 

w 

r, 

K 

t 

ave 


where ; 


W, 


GB 


W„  + + 


(71-1) 


W__  “ total  weight  of  the  gear  box,  lb 

up 

Wq  = weight  of  the  gears,  lb 

W,  ■ weight  of  the  housing,  lb 

h 

(Wfd)i“  weight  of  flange,  lb 
(W^d^2°*  drive,  lb 

The  weight  of  these  components  is  determined  frtan  their  size.  Their 
size  and  weight  are  determined  by  the  following  procedure:' 
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The  size  of  gears  is  effectively  determined  when  the  following  quan- 
tities are  known; 


outside  diameter  of  the  pinion  shaft 
pitch  diameter  of  the  pinion 
face  width  of  the  gears 

The  value  of  these  factors  stem  from  the  solid  shaft  diameter  which 
will  transmit  the  required  horsepower.  The  method  for  calculating  these  fac- 
tors is  shown  below. 


a.  Determine  Solid  Shaft  Diameter 

The  (Hameter  of  the  solid  shaft  vdiich  will  transmit  the  required 
horsepower  at  a given  speed  is  found  from 


^ - 3.12  X 10"°  d ^ 

Ns  ® 

s 

where  ? 

HP  = horsepower  transmitted  by  shaft,  hp 

= shock  factor 

N ■ shaft  speed,  rpm 

s » design  shear  stress  for  shaft,  psi 
s 

= diameter  of  solid  shaft,  in. 

% 

This  eqviation  is  shown  graphically  in  Fig.  VI -3. 


(VI-2) 


Determine  the  Outside  Diameter  of  Pinion  Shaft 


The  solid  shaft  drives  the  pinion  through  an  internally  splined 
hollow  shaft.  Since  the  hollow  shaft  must  be  as  strong  as  the  solid  shaft,  it 
is  possible  to  obtain  the  following  expression  relating  the  ratio  d /d  and 
the  number  of  spline  teeth,  ° ® 


"d  ■ 
o 

0 

(S  + 1.8) 

h 

d 

s 

” “d“  “ 

s 

(S  - 1.8) 

(Vl-3) 

irtiere; 

d^  » outside  diameter  of  hollow  shaft,  in, 

S » number  of  splind  tieeth, 

A curve^  showing  the  relationship  between  d /d  and  S is  shown  in  Fig.  VI -U. 

OS 

Assume  the  number  of  spline  teeth  and  determine  the  diameter  ratio,  d /d  , 

* os* 

from  this  curve.  Knowing  the  diameter  ratio,  the  outside  diameter  of  the  hol- 
low shaft  can  be  calculated, 
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c.  Determine  the  Minimum  Pitch  Diameter  of  Pinion 

The  root  diameter  of  the  pinion  is  assumed  to  be  equal  to  the  out 
side  diameter  of  the  hollow  shaft.  Then,  for  standard  tooth  proportions,  cal- 
culate the  pitch  diameter  of  the  pinion,  D , from 

P 

T^  ‘^o  CVI-li) 


where: 


Up  ■ minimum  number  of  teeth  on  pinion. 


The  value  of  n is  found  fro« 
P 


^ ^ h R + V 16  + 16  sin^  $(1  + 2 R) 

p 2 sin^  J(i  + 2 R) 


(VI-5) 


where : , 

R » gear  ratio 
$ m pressure  angle,  degrees 

This  equation  is  shown  graphically  in  Fig.  VI -5  for  20  degree  full  depth,  in- 
volute teeth, 

d.  Determine  the  Face  Width  of  the  Gears 


The  face  width  of  the  gears  is  determined  from  the  Lewis  eqmtion 
for  precision  cut  gears  (Ref,  VI -1) 

, F P (78  + VH 

f (VI -6) 

where  s ^ 

f ■ face  width,  in. 

F * tangential  force  at  pitch  line,  lb. 

P » diametral  pitch,  l/in. 

V ■=  pitch  line  velocity,  ft/min. 

s^-  working  stress  of  gear  material,  psi 

T » form  factor  for  Lewis  eqiiation 

The  tangential  force,  F,  is  determined  from  the  design  horsepower,  speed,  and 
the  pinion  pitch  diameter  as  follows: 


where : 

(SF) 


„ 126,000  HP 

^ “ (SF)  Dp  Np  (VI-7) 

service  factor  which  depends  on  the  type  of  loading  and 
service  expected  from  the  installation. 

The  pitch  line  velocity,  V,  is  determined  from  the  following: 


V 


2 

12 


(VI-8) 


To  facilitate  computation,  Eqs.  (VI-7)  and  (vi-8)  are  shown  graphically  in 
Figs.  VI-6  and  VI-?,  respectively. 

The  form  factor,  Y,  for  the  Lewis  Equation  has  well  established 
values  which  may  be  found  in  tabulated  form  in  almost  any  mechanical  handbook. 
For  convenience  values  of  T for  20-degree,  full-depth,  involute  teeth  are  plot- 
ted against  the  number  of  teeth  in  Fig.  VI-8, 
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2.  Weight  of  Gears 

Calculate  the  iotal  weight  of  the  two  gears,  including  shafts  from 


where : 

W-  = weight  of  pinion  and  large  gears  including  shaft,  lb. 
u 

= weight  density  of  gear  material,  Ib/in^ 
f ■ face  width  of  gears,  in. 


(VI-9) 


weight  factor  for  pinion  (weight  of  actual  pinion/weight  of  solid 
pinion) 

weight  factor  for  gear  (weight  of  actual  gear/weight  of  solid  gear) 


Dj  = pitch  diameter  of  large  gear,  in, 
Jj 


It  is  standard  practive  in  aircraft  accessory  gear  boxes  to  mount  the  gears  on 
hollow  shafts  in  order  to  reduce  weight.  It  is  assumed  for  this  analysis  that 
the  shaft  material  extending  on  either  side  of  the  gear  will  just  fill  the  hole 
at  the  center  of  the  gear,  (See  Figs.  VI -1  and  VI -2).  Thus  Eq,  ( VI -9)  gives 
the  weight  of  two  right  circular  cylinders  of  h(eight  f and  diameters  D and  Dj^» 


The  factors  a^  and  a^^  take  into  consideration  the  weight  reduction  due  to  webs 

and  lightening  holes  in  the  pinion  and  gear. 

When  the  pitch  diameter  of  the  gear  is  large  compared  to  the  outside 
diameter  of  the  shaft,  reduction  in  weight  is  obtained  through  the  use  of  webs 
and  lightening  holes.  Although  there  is  a wide  latitude  of  possible  designs 
and  applications  of  the  gears,  it  is  possible  to  make  reasonable  estimates  of 
the  weight  factor  from  empirical  data  and -theory. 

The  weight  factor  for  agear  is  obtained  from  the  following  equation: 

a . 1 - (1  - B)  (X^  - Z^)  (VI-10) 

where ; 

a = weight  of  actual  gear/weight  of  solid  gear 

= c (0.157  0.125  ^) 

1 (2  *7T)f 

~ lOD 

‘^o  1 . / f . 

"r^-T3T  Yir 

=■  hole  factor,  (weight  ratio  of  gear  web  with  holes  to  solid  gear  web) 


B 

X 

Z 

where : 

c 


As  can  be  seen  from  Eq.  (VI-IO),  the  weight  factor  is  a function  of  the  pitch 

diameter,  face  width,  and  the  outside  diameter  of  the  shaft.  Either  a or  a, 

P T- 

is  determined  by  substituting  the  appropriate  values  for  the  pinion  or  the 
gear,  whichever  the  case  may  be.  For  the  range  of  gears! of  interest  in  this 
investigation,  manufacturers'  data  indicate  that  the  hole  factor,  c,  remains 
approxlmatelyj  constant  at  a value  of  0,h5.,  Figure  VI -9  shows  the  weight  fac- 
tor vs*  pitch  diameter  for  several  different  values  of  d^  and  f which  are  likely 
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to  be  encountered  in  aircraft  accessory  drives.  These  curves  can  be  interpo- 
lated within  the  accuracy  of  the  curves  themselves, 

3.  Weight  of  Housing 

The  f-unctional  purpose  of  the  gear  housing  is  to  provide  support 
for  the  bearings,  maintain  required  center  distance  for  the  gears,  retain  the 
lubricant,  and  keep  dirt  and  foreign  material  away  from  the  gears  and  bearings. 
The  gear  case  must,  fulfill  these  requirements  and  at  the  same  time  be  as  light 
as  possible.  It,  then  follows  that  simplicity  of  design  is  sacrificed  in  order 
to  reduce  the  weight  to  a minimum.  As  can  be  seen  from  Fig.  VI -1,  the  gear 
housing  has  a rather  complicated  shape  eve^  in  this  simplified  sketch.  The  ba- 
sic casing  is  built  up  with  bosses  and  webs  to  support  the  bearings  and  increase 
the  rigidity. 

Although  the  wall  thickness  of  a gear  casing  is  very  irregular,  it 
is  reasonable  to  assume  that  the  average  wall  thickness  (including  bearings, 
bearing  bosses,  stiffening  webs,  and  joining  flanges)  is  constant  for  gear  box- 
es designed  for  approximately  the  same  horsepower  over  similar  speed  ranges  and 
ratios.  Therefore,  for  this  analysis,  a modified  gear  case  is  assumed  iri  which 
all  of  the  discontinuities  are  evenly  distributed  over  the  entire  surface,  giv- 
ing an  average  wall  thickness  as  indicated  in  Fig.  VI -2, 

The  weight  of  the  modified  gear  case  is  obtained  by  considering  two 
volumes,  the  inner  volume  (w^  A^)  bounded  by  the  inside  surface  of  the  modi- 
fied gear  housing  (see  Fig.  VI -10)  and  outer  volume  (w^  A^)  bounded  by  the  out- 
side surface  of  the  modified  gear  housing  (see  Fig,  VI -11),  The  voltmie  of  ma- 
terial in  the  gear  case,  is  equal  to- the  difference  between  the  outer  and  inner 
volumes.  Multiplying  by  density  gives  the  gear  case  weight.  Thus,  the  housing 
weight  can  be  found  from 

\ - ‘o  - “i 

Using  the  geometric  relationships  of  the  gears  and  housings,  Eq.  (VI-ll)  can 
be  written  as 

\ 

- (f  + K^)  ( 1 + 

where : 

= housing  width  factor 

F(R)  = function  determined  from  the  geometry  of  the  projected  area  of  the 
gears. 

The  housing  width  factor  must  be  assumed.  It  is  defined  by 

K = w.  - f (VI-13) 

W 1 


|(f  + K + 2t  ) 
' w ave 


(VI-12) 


See  Fig.  VI -2. 

Values  for  F(R)  can  be  obtained  from  Fig.  VI -12, 

157 

RESTRICTED 


WADC-TR  53-36 
Part  1 


158 

RESTRICTED 


WADC-TR  53-36 
Part  1 


RESTRICTED 


It.  Weight  of  Drives  and  Flanges 

The  size  of  the  drives  and  flanges  tosed  on  a gear  box  is  largely  de- 
termined by  the  overhnng  moment  of  the  accessory  being  driven  by  the  gear  box 
and  the  overhung  moment  of  the  machine  driving  the  gear  box.  AND  Standards 
which  cover  a wide  range  of  sizes  should  be  \ised.  It  is  left  to  the  judgement 
of  the  analyst,  performing  the  calculation  of  gear  box  weight,  to  select  the 
proper  AND  Standard. 

The  flange  and  drives  are  assumea  no  be  solid  discs  with  a thickness 
and  outside  diameter  given  by  the  AND  Standards,  In  most  cases  the  drive  is 
made  integral  with  the  gear  casing.  If  the  drive  happens  to  be  larger  than  the 
gear  housing,  the  housing  is  flared  out  to  the  proper  diameter  and  the  drive  in 
general  is  faired  in  with  the  over-all  design  of  the  installation.  Bosses  and 
webs  are  added  where  necessary  for  the  flange  bolts  and  for  added  stiffness. 
Thus,  although  the  solid  disc  assumption  gives  a heavy  drive,  the  extra  weight 
compensates  for  the  added  weight  of  the  bosses  and  webs. 

The  weight  of  the  flange  or  drive  is  found  from  the  following  for  round  and 
square  configurations  respectively} 


^fd  " ^ *d  ^fd 

(VI-lU) 

'^fd  "(?h*fd  ^fd^ 

(VI-15) 

■ density  of  the  housing  material,  lb/±nr 

■ outside  dimension  of  flange  or  drive,  in. 

■ thickness  of  the  flange  or  drive,  in. 

E.  Multi -Drive  Gear Boxes 


The  weight  analysis  of  a multi-pad  gear  box  is  approached  in  the  same 
manner  as  the  single-step  speed  reducer.  The  unit  is  reduced  to  three  compo- 
nents, the  gears,  the  casing,  and  the  pads. 

To  determine  the  weights  of  the  components,  the  following  design  infor- 
mation is  necessary: 

1.  Maximum  horsepower,  speed  and  direction  of  rotation  for  each  drive 
or  flange, 

2.  Approximate  overhung  moment  and  torque  for  each  drive  or  flange, 

3.  Center  distances  between  drives, 

1}.  Input  speed. 

The  weight  of  the  gears,  drives  and  flanges  can  be  found  using  the  same  equa- 
tions and  curves  developed  in  this  report.  It  is  necessary  to  make  a scale 
layout  of  the  gear  box  to  determine  the  configuration  of  the  gear  case.  From 
this  the  outer  and  inner  projected  areas  can  be  determined  graphically, 
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